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ABSTRACT 


We have measured the low temperature electrical re- 
Sistivity, thermoelectric power and magnetoresistance of 


antiferromagnetic rare earth hexaborides (REB RE = La, Ce, 


6’ 
Pr, Nd, Gd and Dy), [La,Gd]B, and [La,Dy ]B, alloys and 


dilute yttrium-rare earth alloys. CeB, is found to be a 


"dense Kondo" system and could be understood at least quali- 


tatively in the "Kondo Lattice" model. A T dependence in 


resistivity of magnetic REB, at the lowest temperatures is 


6 


interpreted to be caused by an electron-electron scattering 


6 
pounds in the antiferromagnetic phase, has a temperature 


dependence of T° ope vt, which is consistent with the theore- 


of Baber-type. The magnetic resistivity, of the REB, com- 


tical predictions. The thermoelectric power of REB; has a non- 
linear behaviour in T at low temperatures that is associated 
with the phonon drag and magnon drag effects. We have 
determined the critical exponents from critical resistivity 
studies and have found that the temperature derivatives of 

the resistivity and the thermoelectric power in the vicinity 
of Ty are linearly related. 


We have measured the magnetoresistance (MR) of the 


antiferromagnetic REB, in the magnetically ordered state as 


6 
well as in the paramagnetic state and have found the field 
(H) and the temperature (T) dependence of the MR. The 


anisotropy in the longitudinal and the transverse magneto- 


resitance is associated with the anisotropic conduction 
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electron-f-electron scattering. 

We have found, from the resistivity and the thermo- 
electric power studies, [La,Gd]B; and [La,Dy]B, alloys to 
be spin glasses at low temperatures even for concentrations 
of rare earths as high as 28 at. %. Dilute Y-RE alloys 
exhibit various properties depending on concentration and 
nature of rare earth impurities. YCe (Ce= 3%) is a Kondo 
alloy whereas YCe (15 at. %) shows coexistence of spin glass 
and Kondo effect. For YDy alloys, 2% Dy is sufficient to 
produce a spin-glass effect. We observe an antiferromag- 


netic behaviour in YSm (Sm= 32). and YTB (Tb= 332). 
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INTRODUCTION 


Recently there has been considerable interest in the 
broad range of physical properties encompassed by the rare 


earth hexaborides (REB RE rare earth), generated by) the 


6! 
work of Matthias and coworkers (1968, 1968a). At present 
the physical properties of these hexaborides are neither 
completely determined nor understood. These materials ex- 
hibit a variety of magnetic and electronic properties. 

LaB, is non-magnetic and becomes superconducting below ~2K, 


CeB, is antiferromagnetic below ~2.4K and is considered to 


be a "dense Kondo" material, SmB exhibits valence fluctua- 


ting properties while other REB, (RE=Pr, Nd, Gd, Dy, Tb 


6 


and Ho) order antiferromagnetically at low temperatures. 


The REB ¢ compounds have a CsCl crystal structure with a 


rare earth ion at each corner of the cube and a Be-octahe- 
dron at the body centre. The trivalent rare earth ions in 
REB¢ compounds contribute one electron towards the conduc- 
tion band and two electrons to the valence band. It is 
clear that the trivalent REB ¢ are monovalent metals from 
the Fermi surface information and band structure calcula- 
Elon: for LaBy by Ishizawa et al (1977). 

The magnetic properties of CeB, have been investi- 


gated recently by Kasuya et al (1981) and it has been found 


to be a "dense Kondo" material in the sense that the 
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resistivity decreases as log T from ~3.3K to room tempera- 
ture. Kasuya and his coworkers at Tohoku University 
(Japan) are actively involved in a detailed magnetic study 


of CeBy. There has been an experimental study of the mag- 


netic susceptibility of PrB NdBe, GdB, and DyB, (Paderno 


6’ 6 6 
Steal, 19677" Hacker” eb al, 97. Vand, d#ackerrand’ bin, 1963.) .. 
Specific heat studies (Westrum etraly, Loe. Westrum,, L963 > 


MeCartny er al, 19807 and Lee Ctraly 97 Oe iaverenOwne tat 


Prep NdB. and GdB, go through a second order phase transi- 


67 6 6 


tion in ordering from the paramagnetic phase to an anti- 
ferromagnetic phase at low temperatures. A recent study by 


McCarthy et al (1980) has shown” that PrB_*has another phase 


6 


below ~4K in the antiferromagnetic regime. Although resis- 
tivity and magnetic torque measurements by Nozaki et al 


(1980) on single crystal GdB, have shown the presence of 


6 


a lower temperature phase below ~7K, the detail of the mag- 


necic structure Of GdB- is) notéyet known.” The recent 


6 


neutron-diffraction studies on PrBe and NdB by McCarthy 


et al (1980) and McCarthy and Tompson (1980) have identified 
6 and one phase for NdB, in their anti- 


ferromagnetic regimes. Resistivity measurements by Fisk 


two phases for PrB 


ana Johnston (1977) "and Fisk’ (1976) "on PrBe and NdBe, with 
particular interest in the temperature region above the 


Neel temperatures (T_), have shown that the resistivity 


N 


data of PrBe can be well explained if one takes into account 


the aspherical Coulomb interaction between the conduction 


electrons and the f-electrons. It is believed that such 
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anisotropic. scattering; in NdB, is.not-significant.. At.the 


6 
same time their fit to the data in the ordered state below 
Ty was not,at’‘all satisfactory. 

It is believed that the interaction between magnetic 
moments of rare earth ions is not due to direct exchange 
interaction. Magnetic f-electrons in a rare earth ion are 
well localized and there is no significant overlap of the 
charge distribution of f-electrons on different rare earth 


On Swell ismthoughiechiatein.metalliceReEB «the magnetic 


6 
moments interact mainly via the conduction electrons. Such 
an interaction is called the RKKY (Ruderman, Kittel, 


Kasuya and Yoshida) interaction, borrowing the initials of 


the people who developed the mathematical model for such an 


interaction. 
There is little experimental data for REBey particu- 
larly in the ordered state. To determine and understand 


the physical properties of REB we have conducted experi- 


6" 
mental studies of the transport properties (e.g. resisti- 
vity, thermoelectric-power and magneto-resistance) with 
particular interest in the magnetically ordered state. 

From measurements on non-magnetic LaB, it is known that the 
resistivity does not change significantly below ~30K. This 
meanSethat the»phononsresistivity..o£f LaBy and therefore of 
the other isostructural hexaborides below ~30K is very weak. 
Since all the REB 6 Studied here have their antiferromagne- 


tic-to-paramagnetic phase-transition temperature (Ty) below 


~25K, it 1s possible to extract the magnetic contribution 


waw oF tii Lf onewsd 


Apneioke toeikb of eee don at al fe ths 


Pie nOsL OF 2Ge STP) Ss te ne ee S20 one 
| < 
ig 20 weliey St Pivots iw .ef 2 
AITAS ¢ ‘ne7eis ich AS Baoasse se = 8s 
ray iy wit . 7A OT | + ty rn <@5 3 
f , 
ao " afte wS TCS) ’ yy HE ead 
a r } + a i 
ye 
1 } 4 7 ; : i 
7 1 
1 ‘ fy 3 PF _ 
j 
ange 4 , : 
is Fi 4 - P a 
= ojos x 
- " te ae i cake mS “ ha Fe 
¥) +e PLeoc-O1 S058 es. Keto 
t te iE i aad i" F , 
{ eB r is nA 6 
' 7 iin Bom cy 48 cr 4 
+0 re! Ais, fed io yivigedeox soqodg. af gmds 
r : 
Seow ore es WOE « Wo f ie? eesiri io Agrecayl Laxusosuxd aoe b at 
“SHORAOLIOTLNS ISG avef Sted SSLEGde ee ans [tp 
. F 
woled yt) wapremsqied sotdty aos -s2edg oie SVAN IST 
% ” | 


rigs 


Le Sie nlite Adel 


sudixtnon 5 tsengen ‘iy 


ees) ce Oe 


MOS 3 ng eed ge See 


iy el 


x8 uy: —4 


nacre 


to the resistivity easily. At the same time, since these 
compounds are cubic, the resistivity is expected to be iso- 
tropic, hence polycrystalline samples could be used for the 
study. 

The critical scattering (i.e. the scattering in the 
Vecinityrotaakmagnebicri phase transitionivempérature) i: of 
antiferromagnetic metals is neither clearly understood nor 
has there been much accurate and detailed experimental 
work done. We have measured the critical resistivity and 
the thermoelectric power of the antiferromagnetic REB 5 
metals in the vicinity of their Néel temperatures. A com- 
parison of these data with the present theoretical predic- 
tions provides the first comprehensive test of the resisti- 
vity calculations and of the theoretical prediction of a 
universal critical behaviour of all the transport coeffi- 
cients. 

According to the theoretical and experimental studies 
of Fert and coworkers (1977, 1977a, 1974 and 1980) there 
is an anisotropic interaction between the conduction elec- 
trons (k) and f-electrons in a rare earth system with L#0 
iwherenina smthe totalqorbigalsangular momentumiof -the ware 
earth ion). Anisotropic k-f scattering exhibits itself as 
anisotropy in the magnetoresistance (MR), that is, the 
dependence of the MR on the direction of the external mag- 
netic field with respect to the direction of the sample 
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The MR of antiferromagnetic metals with localized 
magnetic moments, has been investigated theoretically by 
Yamada and Takada (1973, 1973a) a decade ago. There is no 
theoretical work, to our knowledge, on the MR of anti- 
ferromagnets with localized moments where the dominant mag- 
netic interaction is of RKKY type. We have done a system- 
atic experimental study of the MR of antiferromagnetic REB¢ - 

From the susceptibility work on dilute alloys of 
[La,_,Gd JB, bythelsh (0973 veiearstiknowngthbeat Ehesevalloys 
with 0.0035 s x%s 0.0812 show ’a “spin-glass behaviour. A 
spin-glass is a random dilute magnetic alloy that shows a 
magnetic transition at a well defined temperature T. below 
which the spins become locked in time but oriented in ran- 
dom directions. There have been extensive experimental 
studies of spin-glasses of dilute 3d transition metal impu- 
rities in noble metals such as AuFe, CuMn and CuCo etc. 

The theoretical formalism of spin-glasses is still a matter 
of active discussion. It is believed that the interaction 
between the magnetic moments responsible for random locking 
of the spins below T. is via the conduction electrons and 
is a: RKKY type. This interaction is best suited for sys- 
tems with well localized magnetic moments, such as the 

rare earth ions. The noble metal-transition metal alloys 
suffer from complications because the direct d-d exchange 
interaction is larger and at the same time these alloys 


frequently exhibit a resistance minimum at low temperatures, 


more commonly known as the Kondo effect. For these reasons 
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there is need to study dilute alloys where rare earth ions 
form the randomly distributed spin systems. 
We have studied the transport properties (resisti- 


vity and thermoelectric power) of various [ Gd, 1B, and 


rile 
[La, _,Dy 1B; alloys. To our surprise we have observed 
spin-glass behaviour for even 28 atomic percent of Gai in 
[La,_,Gd 1B, alloysrey Wephavevalso studied) dvluteryttrium— 
rare pearth!. alloys. These alloys are also spin-glasses 
£OG Tow concentration of rare earths as shown by Sarkissian 
and Coles (1976) except for Y-Ce which displays the Kondo 
effect at low concentrations. Y falls one period earlier 
than La in the periodic table and has the same electronic 
structure as La in its outer shell and is therefore a use- 
ful element with which to dilute the rare earth interac- 
tions. 

We have undertaken the present study keeping in mind 
that there is a need to have a better understanding of and 
to determine the variety of physical properties displayed 
by the rare earth hexaborides, their alloys and the Y-RE 
alloys. 

The next five chapters of this thesis include res- 
pectively a theoretical background relevant to the rare 
earths and their transport properties (Chapter 2), a des- 
cription of the experimental procedure and techniques used 
(Chapter 3), the presentation of the experimental results 


and the analysis and discussion of the experimental results 
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of REB ¢ compounds (Chapter 4), [La,RE]B, alloys (Chapter 5) 


and Y=RE alloys )(Chapter 6)... »finally,,«~Chapter,.7..contains a 


summary of the results and conclusion. 
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CHAPTER 2 


BASIC CONCEPTS AND THEORETICAL BACKGROUND 


Zot. -ThecRKKY: Interaction 

The first row of rare earth elements in the Perio- 
dic Table, also known as the 'Lanthanides', have very 
Similar chemical properties. The electronic structure in 


the atomic state is given by 


(lee 4a) Feo sacs sa oes 


where n runs from one to fourteen. The trivalent rare 


ay have the same valence electrons (5at6s7) 


earth ions (RE 
responsible for the similar chemical properties. 

It is the unfilled f-electron states that are res- 
ponsible for magnetic properties in rare earth systems. 
These f-electrons are screened by filled outer electron 
Shells. The mean radius of the 4f shells is one tenth of 
the interilonic spacing in rare earth metals. Hence, even 
in the metallic state 4f-electrons retain their localized 
atomic character. This is the basis for most of the mag- 
netic properties of the rare earths, their alloys and 
compounds. 

The localization of 4f-electrons suggests that the 
direct exchange interaction between the magnetic moments 
of different lattice sites would be too weak to account 
for the magnetic properties of these materials. The 


exchange interaction for coupling between localized 
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Magnetic moments is thought instead to be indirect. This 
indirect exchange interaction in metallic systems is med- 
iated by the spin polarization of the conduction electrons. 
The way in which conduction electrons can polarize and 
propagate was dealt with first by Ruderman and Kittel 
(1954). The theory was further developed and extended to 
s-f and s-d interactions by Kasuya (1956) and Yosida 
(1957) and is now commonly known as RKKY theory. The spin 
polarization of the conduction electrons is found to 
oscillate with distance and has a long range. 

In the RKKY approximation an s-f interaction can 
be described in a simple way as follows. The exchange 
interaction between a conduction electron spin $ at a 
distance Ff and an ionic spin S at site R can be written 
as 


Sheedy ne lees) SoBe | (Polk) 


In the RKKY approximation A(E-R) =A, 6 (E-R) where A is the 
exchange coupling constant for the s-f interaction. The 
Hamiltonian H._- is spin dependent, hence conduct iontelec- 
trons of different spins respond differently to the per- 
turbation created by a single fone spin S$. The result 
will be the spin polarization of the conduction-electron 
gas. In the RKKY approximation the spin polarization of 
the conduction electron at site R' in the free-electron- 


gas model will be given by 
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S(R') =A, ) x(q) explig- (R'-BIS , a) 


where the wave vector q=K'-K and x (q) is given by the 


expression, 
sin take 4K2 - q° q + 2K, 
Anh 4Ke q q £ 


> 
The polarization produced by one ionic spin at R; will 


> 
interact with another spin at Be through He The effec- 


=f 


tive exchange interaction between the two magnetic ions 


can be shown to be 


ix > > > > 
Hs nwa eae gree : (2.4) 
where 
OR212 
I(RAR ae ts Oe Riana) (2.5) 
Lottaia. © 20°R feces i) : ‘ 


In the above expression z is the number of conduction 
electrons per atom, 2 is the atomic volume and the func- 


tion,¢o(x), isegiven,by 


o(x) = — ? (268 
x 


It is evident that the RKKY result has a long range, 
oscillatory behaviour falling off as cos (2K-r)/r°. There 
are two important consequences of this magnetic coupling. 
First, the magnetic interaction has a long range charac- 


ter, much longer range than any direct exchange interac- 


tion. Second, a large variation of the coupling strength 
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and even reversal of itS Sign is possible with small 
changes in the relationship between the interionic dis- 
tance and the periodicity of the spin density. 

The exchange interaction is always between the 
spins $. In the case of rare earth ions there is strong 
spin-orbit coupling in the 4f shells and S is not a good 
quantum number. In such a situation the ion is specified 
by its total angular momentum a Upon eliminating if 
(the total orbital angular momentum) between the relations, 
L+28=go (g = Lande g-factor) and eS Ha. the spin (8) 
may be replaced by $ = (ging. Then the exchange Hamil- 


tonian alee can be rewritten as 


Lh > a Poe > 
Hy ge) Ont eee (2.7) 


The interaction between two ions is much more com- 
plex if the anisotropic terms are included in Hj-¢: There 
has been some work to include anisotropic terms by Kaplan 
and Lyons (1962) and Specht (1967). However, thus far the 
isotropic exchange interaction (RKKY type) has been found 
to be fairly good for a qualitative understanding of 
experimental results. 

An exchange interaction, such as the RKKY interac- 
tion, which alternates in sign with increasing interionic 
distances is potentially capable of accounting for various 
kinds of magnetic ordering. If J(q) has a maximum at q=0 


then it favours a ferromagnetic alignment but if the 
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maximum occurs at the edge of the Brillouin zone then the 
exchange interaction favours antiferromagnetism. A maxi- 
mum in J(q) between the origin and the zone boundary can 


account for spiral-spin arrangements. 


2.2 Resistivity 

In a non-magnetic metal the conduction electrons 
are scattered by two processes, namely by lattice imper- 
fections a by phonons. Assuming that these scattering 
processes are independent, the individual resistivity con- 
tributions will be additive (Matthiessen's rule) and the 
total resistivity of a non-magnetic metal can be expressed 


as 


or Py at Poh ’ (29,3 ) 


where Bn is the residual resistivity due to impurities and 


static crystal imperfections. The phonon resistivity Poh 


arises due to electron-phonon scattering and may be appro- 
ximated by Pon eT at low temperatures and Pon = T above 
ph is 


given by the Bloch-Grtineisen law (Ziman, 1960). In some 


the Debye temperature. A general expression for o 


metals (e.g. Li, K, etc.) at very low temperatures another 
contribution to the resistivity has been found due to 


electron=-electron interaction (oe_a)- “this P,. has been 


found, at low enough temperatures that Poh is negligible, 


to have a temperature dependence of Tv, 
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In magnetic metals an additional contribution to 
the resistivity has to be taken into account. The contri- 
bution Pmag describes the scattering processes of conduc- 
tion electrons due to the disorder in the arrangement of 
the magnetic moments. Therefore, the total resistivity of 


a magnetic metal (assuming that Matthiessen's rule is 


valid) can be written as 


SUE oe topren fags CN) as dei ead (220) 


Po g 
The resistivity of a magnetic material could be 

conveniently studied in three temperature regimes. These 

refer to the paramagnetic state (when T>T)), the magneti- 


cally ordered state (when T<T)) and the critical resisti- 


vity in the vicinity of the ordering temperature (TO). 


2.2. Resistivity in the paramagnetic state. (T > 7T,)) 

The indirect exchange interaction between the lo- 
calized magnetic moments via the conduction electrons 
(discussed in previous section) leads to a scattering 
process which is dependent on the ionic spin. In the 
paramagnetic state where all possible spin orientations 
are equally probable, the anes contributionsto the 


) 


resistivity (called the spin-disorder resistivity, Pend 


has been calculated by de Gennes (1962) and Dekker (1965) 


and can be written as 


3nm* a? 9 
0 = — ,— (g-l) J(J+l1l) , (2.410) 
Spd ghe“0E, 
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where m* is the average effective mass of the conduction 
electrons. The above result shows that well above To the 
Spin-disorder resistivity is temperature independent. 
Another important conclusion that can be drawn from the 


above expression is that P, LS*propertional, to 


pd 
(eon) -o (aad) (called the de Gennes factor). For rare 
earth metals this relationship holds fairly well and 
implies that for localized magnetic moment system the 
RKKY theory is applicable and gives at least a qualitative 
understanding of the magnetic behaviour. 

For temperatures above Ts the increase in resisti- 
vity is due to the electron-phonon interaction. To get 


an estimate of 0 linear extrapolation of the resisti- 


spd’ 
vity above Te to zero temperature can be done as shown 


schematically in’ Rig. 221. 


Lee RestSE LV LEY VL lmtuneno ndereds State) (Myc by): 

At low temperatures (T < T,) the magnetic scattering 
is best discussed in terms of a spin-wave model. When all 
spins are in the ordered state, the spin-wave excitations 
are negligible and there is no spin-wave contribution to 
the resistivity. But as the temperature is raised the 
Spin alignment is disturbed, leading to thermally excited 
spin waves and hence the resistivity due to electron-spin- 
wave scattering increases. The electrical resistivity due 
to spin-wave scattering in ferromagnetic metals has been 


calculated by Kasuya (1959) and Mannari (1959). More 
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Page ele tnewvarlatloniOLecne: resiscryity (0) Of, a, magnetic 
metal with temperature (T), showing the various 
econtributions.to tie resistivity, 


oa +o 
~, ° : 
a 


"hy 


ee ee er rs 


—* 
| aa ¥ 
a 


— 


oeterder ca kth ew epee eee Ge een eee eT 


ee 


saa re 
800g HN 


sitensam 4 320 (g? ypae oad eee ert aa 
evoltev ais saab ee oly tate 5: 


recently, Rivier and Mensah (1977) have calculated the 
resistivity of a magnetic material in the ordered state. 
According to them the resistivities of a magnetic metal 


or alloy can be expressed as 


(2p+4) /n 
Ometal—’ 


’ (2 ein) 


where n and p are defined by the dispersion relation of 
the spin-wave excitations and the form factor (F.) as 


follows, 


(Agouley) 


where D and F are constants and K is a wave vector. For 
Simple ferromagnetic and antiferromagnetic materials, the 
spin-wave dispersion relation is quadratic and linear 
respectively,i.e., for a ferromagnet n=2 and for an anti- 
ferromagnet n=1. The form factor becomes a constant with 
p=0 when it is assumed that there is a point exchange 
interaction between the conduction electrons and localized 
Magnetic moments. Hence, the spin-wave resistivity for 
magnetic materials can be written as 


T? Ferromagnet ) 
Corey) 
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ML te ct Antiferromagnet 
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During the past few years there has been consider- 
able interest in studies of the critical scattering of the 
conduction electrons near magnetic phase transitions. The 
first account of critical resistivity was given by 
de Gennes and Friedel (1958) using a simple model in which 
free electrons are linearly coupled to localized spins. 
Fisher and Langer (1968) have shown that the magnetic 
resistivity of a ferromagnetic metal in the vicinity of 
the ferromagnetic to paramagnetic transition temperature 
(TO) is due to short-range spin fluctuations. Hence the 


temperature derivative of the resistivity and the magnetic 


specific heat (Cc) should vary as t ~ for Dai. (iee.T2T.), 


where the reduced temperature t= PUR aur) ai j 
Present theoretical studies (Fisher and Langer, 

19637 Richard sand «Gel damien L9 77; aGeldarct.~and  Richard,71975); 

and sAlLexandersebvel p16 )hasuggest » that the criticalpresis= 


tivity of a ferromagnetic as well as antiferromagnetic 


metal should have the temperature dependence of the magne- 


tic energy. Hence, in the vicinity of va ene Ty) (Por 
both, above and below the ordering temperature) 
aE Ce D $ C2015) 
)) Avie the 
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temperature derivative of the resistivity. The tempera- 
ture derivative of resistivity of antiferromagnetic metals 
has been found to have a negative or positive divergence 
at Ty depending on the material and crystallographic 
Orientations. The sign of the divergence is found to be 
determined by the Fermi surface geometry and the magnetic 
reciprocal lattice vector Q of the ordered state (Richard 
and Geldart, 1977; Balberg, 1977; and Balberg and Maman, 1979). 
Richard and Geldart (1977) have shown that for Q< 2K, and 


EOre Oosa2K (Ke is the Fermi wave vector) the divergence in 


£ 


dp/dT at T,, will have a negative and positive sign respec- 


N 
tively. Materials with negative divergence are classified 
as type I and those with positive divergence are classi- 
fied as type II antiferromagnets. 

Renormalization-group theoretical studies 
suggest that for the temperature region where the short- 
range spin fluctuations are dominant, the critical 
exponents depend only on the physical dimension (d) of 
the lattice and the number of degrees of freedom of the 
spins (n). There have been theoretical calculations of 
the critical exponents for d=3 systems with several 
values of n (Bak and Mukamel, 1976; and Leguillon and Zinn- 


Justin,1980). 
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2.3 Thermoelectric Power (TEP) 
The thermoelectric power (TEP) of a simple metal can 


be written as 
S(T) = S,(T) + a . C22L69 


where Ss. is the thermoelectric power due to electron diffu- 
sion and a2 is the phonon drag contribution to the TEP. 
The standard expression for Ss. for a cubic metal is given 
Bey uci) 
S(T) es et Gea ; (23 as? ) 
E=€ 


where e is the electronic charge, o(e) the conductivity as 


a function of electron energy «. Starting from 
2 
FT ai er 0 
SEE) % 3 [#04 
AT 


where the integration is to be carried out over the whole 
Fermi surface, one considers o to be a function of energy 


and writes 


ey Elbe vioy Go) eee eles hale ss On Tal\ 
J€ houcae O€ ‘cane? 


where 2 is the electron mean free path and A is the area of 
the Fermi surface. The first term on the right hand side of 
equation (2.18) is positive since more energetic electrons 
are less easily scattered than slower electrons and thus 
have longer paths. But the second term depends on the 
detailed geometry of the Fermi surface and it can be posi- 


tive or negative. The electron diffusion TEP is expected 
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COnDeL linea ne nee Com .cip le eae as predicted by 
equator gl2.17);. 

At low temperatures the TEP of even the simplest 
metal has been found to deviate from linearity. This 
deviation has usually been attributed to the phenomonon 
of phonon drag. This process can be described in a simple 
way as follows. Any temperature gradient gives rise to a 
flow of phonons which through the electron-phonon inter- 
action drag electrons with them creating a potential 
difference between the hot and cold end of a metal. Also 
an electric current carried by the electrons in an iso- 
thermal metal transfers some of its momentum to the phonons 
and drags them along with it. 

Theoretical studies of the phonon drag TEP o 
have been done by Bailyn (1962) and Guénault (1971). They 
found that Sa varies as rv, jelehe kctn SEB ES) jehgelsieha walelersith ee 
the lattice specific heat. The sign of as depends on 
whether the electron-phonon interaction is predominantly 
of 'Normal' or 'Umklapp' character. In the case of N- 
processes the phonon current can drift in the same direc- 
tion as that of the electron, leading to a negative = 
whereas U-processes may lead to a positive oe 

At high temperatures the phonon-phonon scattering 
dominates the electron-phonon interaction. This leads to 
quenching of ig at higher temperatures as shown by 
Guénault (1971), hence according to equation (2.17) a 


linear temperature dependence of the TEP is expected at 
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high temperatures, which is consistent with the experimen- 
taki results. 

For magnetic metals containing localized magnetic 
moments there has not been much theoretical investigation 
Ofethe jTEP. .-The.magnetic.contribution to the TEP ,.of.a 
ferromagnetic metal in a molecular field approximation has 
been calculated by Kasuya (1959). In magnetic materials 
the possibility exists that the electron may be driven 
along the temperature gradient by the magnon thermal cur- 
Pent, Cululs Cheating al adqdq1cLonal contribution to, the TEP, 
namely the magnon drag Sa Assuming that the various 
contributions are independent, the total TEP for a magnetic 


metal can then be expressed as 
S(T) = S,(T) + SN + Saf?) - (29) 


The effect of the magnon drag was first discussed by 
Bailyn (1967). He found that the expression for Sa is 
very similar to that of phonon drag Se) with the same 
temperature dependence (p>) and can have negative or posi- 
tive sign depending on the dominance of N-processes or U- 
processes respectively. 

In magnetic metals the TEP at higher temperatures 
will have a contribution due to spin disorder scattering 
(S ). To our knowledge there has not been any theoreti- 
Calsacalculation of Sead In order to estimate the contri- 


bution of S following Gratz. (1981).. and.Gratz,.and 


apa” 


Zuckermann (1982), one can analyze the experimental data 
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where i, Ps and S. respectively denote the scattering 
mechanism, the resistivity and the TEP due to that mechan- 


ism. For a non-magnetic metal one can write, 


0 0 
Co es RS cep etc IP Oe OMe 
ars. lize) 


and for a magnetic material, 


0 p 
Se Se at = Shes 


Balto Guahipa ye. esa er eo 


where Sor oi and eed are the contributions to the TEP due 
to impurity scattering, phonon scattering and spin dis- 
order scattering respectively and 0, Por os and eed 
represent the total resistivity, the residual resistivity, 
the phonon resistivity and the spin disorder resistivity 
respectively. With the assumption that the impurity and 
phonon contributions for the isostructural magnetic and 
non-magnetic metals are the same to the first approxima- 


tion, One can write an expression for S. as, 


pd 


" m nm 
SEB e etek Nl exes ‘ Veo) 


Such a technique has been used by Gratz (1981) and Gratz 
and Zuckermann (1982) for some intermetallic rare earth 


compounds and S, have been found to be linear in temper- 


pd 
ature with positive as well as negative signs, depending 


on the material. 
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The TEP anomalies observed at ferromagnetic and 
antiferromagnetic ordering temperatures are characterized 
by the specific-heat-like divergences in the temperature 
derivative of the TEP. The elastic and inelastic contri- 
butions to the TEP in the vicinity of the ordering tempera- 
ture were shown by Helman and Balberg (1978) to have the 
critical temperature dependence of the static spin-spin 
correlation function (i.e. the temperature dependence of 
the magnetic energy). With the assumption that the non- 
Cricical contributions tothe TEP Mins the: vicinity or T. 
(or Ty) are only weakly temperature dependent, the tem- 
perature derivative of the TEP has the same temperature 


dependence as that of the magnetic specific heat Cat Lous 
pestle ion cS » 2a) 


From the earlier discussion on the critical resistivity we 
know that 


do ri 
aT Cn a RSASY) 


Hence, the behaviour of the temperature dependence of 
as7aTt‘and "that of dp/dT are intimately related and, as 
predicted’ by Ausloos (1977, 1978) and Helman and Balberg 
(1978), they possess a universal behaviour irrespective of 
the scattering processes. One expects a divergence in 


as/at at T. (or T._) which has the same behaviour as that 


N 


of do/dT and one can examine this result in the vicinity 


of T. (or :T..) where 


N 
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Experimentally, such a behaviour has been found for several 
ferromagnetic metals but the situation for antiferromagne- 


Grcerecalssi Ss, stilt Laretromauclear® 


2.4 Magnetoresistance (MR) 

The change in the resistivity of a metal in a mag- 
netic field, called the magnetoresistance, transverse 
(TMR) when the specimen current and field are perpendicular 
and longitudinal (LMR) when they are parallel, is expressed 
as the ratio 


= ony) oa O:GOyL) 


t 0(0,T) ‘ borcsealel 


Ole 
Oo 


fo) 
where P, = 9(0,T) is the resistivity at zero field and tem- 
Deracurer.. ang .o(H,T)) tssthe resistivity atwtield>H and 
temperature T. The magnetoresistance, being a second- 
Order effect, is not well understood at present. However, 
for magnetoresistance one general rule, known as Kohler's 
rule (Kohler, 1938), usually describes the experimental 
results for non-magnetic metals. This rule can be ex- 


pressed as 


ce 


ee 
6 F(H/9,) + (2.28) 


where F is a function that depends only on the geometrical 


configuration and the metal. 
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A simple calculation shows that in the free elec- 
tron model the TMR vanishes and for an electron system 
with spherical symmetry the LMR cannot exist (Ziman, 1960). 
However, with a more complicated theory, particularly 
using the method of Jones and Zener (1934) it was shown 
by Ziman (1960) that where the conduction electrons may 
be considered to be in two bands the MR could be written 


as 


ll 
w 
em 


(Ap/p,) | 
(2.29) 


II 
tw 
a0 


A ) 
( 0/26) | 


where By and By) are transverse and longitudinal coeffi- 
cients. This suggests that the longitudinal and transverse 
MR are of the same order of magnitude for non-magnetic 
metals. 

In the case of dilute magnetic alloys and rare 
earth metals there are several theoretical investigations 
of MR (Kondo,1962 and Yosida, 1957). The emphasis has 
been for ferro or paramagnetic spin ordering which leads 
to negative MR. This comes from the suppression of the 
localized spin fluctuations by the external magnetic 
field. Here, we shall concern ourselves mainly with anti- 
ferromagnetic metals in which the situation is far less 
clear. To our knowledge the only theoretical calculation 
of the MR of an antiferromagnetic metal with localized 


Magnetic moments, has been done by Kamada and Takada (1973, 
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1973a). They have used the random phase approximation 
(RPA) for localized spin systems described by the 
Heisenberg model. They have done the MR calculation for 
the s-d model within the assumption that the s-d scatter- 
ing strength (J) is much smaller than the Neel temperature, 
Ae Ty 7? J- In the rare earth (E-eleetronjessystems: the 
magnetic interaction between localized magnetic moments is 
Wilaathe~conduction,electronssand,the s7i,exchange ~strength 
J~Ty, hence the Yamada and Takada results cannot be used 
for quantitative analysis of experimental results. How- 
ever, some of the ideas could be used at least qualita- 
tively to obtain some understanding of the MR results. 
According to Yamada and Takada (1973, 1973a) for T< Ty the 
MR is positive and increases with increasing field (H) up 
COmarcrutuca Vet. eid Hoe the antiferromagnetic to para- 


magnetic transition point. There is a rapid increase in 
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the MR at H., then in the paramagnetic phase the MR decreases 


monotonically with increasing field just as it does for 
ferromagnets. The positive MR in the antiferromagnetic 
phase has been associated with an increase in the total 
number of excited magnons in the presence of an external 
magnetic field and the field induced enhancement of the 
spin fluctuations which increases with increasing field 
below Ho: Above HA the negative MR is due to field induced 
alignments of the magnetic moments in an external field, 


which suppresses spin fluctuations. 
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Magnetoresistance measurements by Fert and coworkers 
LOTT Lo a, 1974 74980) on dilute 8rarevearth impurities 
in noble metals have shown a difference in the longitudinal 
and transverse magnetoresistances. This anisotropy 
vanishes for Gd impurities and changes its sign in the 
middle of the heavy rare earth series between Holand Er. 
It has been shown that this anisotropy is due to an asphe- 
rical Coulomb interaction between the conduction electron 
(k) and f-electrons and it is mainly due to a quadrupolar 
term in the scattering. 

The k-f interaction between the conduction elec- 
trons and f-electrons can be expressed according to Fert 


eri al. (1330) by the, potential 


Veo Vee + V. + V i (2.5.30) 
Oo ex an 


where Nis is the isotropic potential, eee issthe isotropic 
s-f exchange term and the yee term comes from the aniso- 
tropic Coulomb interaction between the conduction elec- 
trons and the f-electrons. This last term vanishes for an 
S-ion (e.g. Cas Ty. A general expression for V is given by 
Hirst (1978). It has been shown by Fert et al (1977) that 


the anisotropic part of V is mainly due to the quadrupolar 


scattering and can be written as 


A Aiea a 01 VER @ iim © Henk RR) EE (5) P eee | 


an qd a ae dah Xe 2 


where as is the Stevens multiplication factor of the 
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quadrupolar operators, 0, is a quadrupolar tensor, La aS 
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Fig.:2.2 The anisotropy’ in the magnetoresistance (Ap/o.) as 
a function of external magnetic field (H). 
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the orbital angular momentum of the conduction electrons 
and J is the total angular momentum of the f-electron 
system. The resistivity cross section is different accord- 
ing to whether the quadrupolar axis is parallel or perpen- 
dicular to the electrical current, therefore, producing 
different values for the longitudinal and the transverse 
magnetoresistances. This mechanism is schematically shown 
Lue LGan2..2 se The signsotathe ganisotropy, Ap, = Ap), - Ap. 
(Ap), is the LMR and Ap. is the TMR) depends on the sign 
of Os involved in the quadrupolar interaction. 
2.5 Spin Glass 

Raspin glass’ (Bord, 1982:) Hurd, L982). canbe 
defined as a random, metallic magnetic system charac- 
terized by "freezing" of the magnetic moments in random 
directions below a well defined temperature Te with no 
net macroscopic magnetization. For T<<T,, local. on 
diffuse excitations may exist within the frozen matrix. 
There has been little theoretical investigation of the 
transport properties of spin glasses. 

The effect of magnetic impurity concentration in 
a non-magnetic metal can be described as follows. Ata 
very dilute magnetic concentration (i.e. isolated magnetic 
ions with no direct or indirect magnetic interaction 
between them) there is the isolated impurity magnetic 
moment - conduction electron interaction,namely s-f or 


> > 
s-d interaction, expressed as Js-S, where J is the s-f or 
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s-d coupling constant and S$ and § are the spins of the 
conduction electron and the impurity ion respectively. 
Such an interaction leads to the well-known Kondo effect 
for J<0O and the relatively less well-known reverse Kondo 
Sr tect ford -0jermselecently ‘studied (bymbeike etyali(197 9°) 
and Tsang et ‘al “(19 300) Inerease: an, Concentration: of the 
Magnetic impurity can cause interaction between the mag- 
netic moments by an indirect exchange mechanism of the 
RKKY type. Although the details of the theoretical for- 
malism are still a matter of active discussion, the inter- 
action of magnetic moments in a spin glass is considered 
to arise by the RKKY mechanism via the conduction 
electrons. 


Experimental identification of T,. for several spin 


L 


glass systems has been done by low field susceptibility 
measurements and Hall-effect studies (Ford, 1982). A 
cusp-like behaviour is observed in susceptibility data at 


ey Hall-effect measurements by McAlister and Hurd (1976) 


f° 
and McAlister (1978) show a peak in the anomalous Hall co- 


efficient for’ low fields’ (ergs 0.01'T) "at Te. 


The electrical resistivity has been found experi- 


Bae 2 


below Te and sometimes becomes T 


at the lowest temperatures. A theoretical investigation 


mentally to vary as T 


of the resistivity of spin glasses has been carried out by 


Rivier and Adkins (1975). They have found the temperature 


Shoe 


dependence of the resistivity to be T for temperatures 


below Te. Here conduction electrons are scattered by 
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elementary excitations which are of spin diffusive modes. 


The p/2 


behaviour of resistivity has been observed for 
several -Ssd>transition» metal, spin) glasses leg -Aure;, AuCr, 
AuMn, CuMn and AgMn, etc., Ford and Mydosh, 1976; Mydosh 
Crain 19 744. Camphedisetval ~1982)e5 Recentiv, ischer 
(1979, 1980) have shown that the resistivity can be 


expressed as 0 = ar? - pr’ 


, where A and B are positive 
constants. The above expression was derived by taking 
into account the conservation of the total spin and with 
the assumption of a spin diffusive mode. The above result 
for the resistivity of spin glasses is in contrast to the 


3/2) for several 


experimentally observed behaviour (9 <T 
spin glasses. This discrepancy has been explained by 
Fischer (1979, 1980) on the basis of the presence of ferro- 
magnetic clusters which will lead at low temperatures to 
pa pol? At the lowest temperatures the spin waves with a 
wave length smaller than the cluster size freeze out lead- 
ing to,a aig dependence in resistivity, consistent with the 
experimental results on, CuMn,eAuMn and AuFe, around 1k. 

The thermoelectric power (TEP) has been calculated 
for dilute magnetic alloys by Matho and Béal-Monod (1974) 
in the interacting pair model. Recently, Fischer (1981) 
has calculated the TEP of spin glasses on the basis of an 
s-d exchange model with an additional interaction potential 
between the magnetic impurities and the conduction elec- 


trons which is spin-independent. The TEP of a spin glass 


was found to have two contributions,namely a "Kondo" 
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term Sam and a "resonance" term stalin) The, Kondo. 
term 308) reduces to the TEP of a Kondo system for the 
isolated impurity regime and the "resonance" term s4(T) 
is of opposite sign and vanishes in the isolated impurity 
regime. The superposition of these two terms leads to an 
extremum in the total TEP and for J<0 (J is the exchange 
interaction coupling constant), i.e. antiferromagnetic 
coupling, there is a change in sign of the total TEP at 

a temperature Tor which depends on the Kondo temperature 
(TL) and on the spin freezing temperature (TE). Borsa 
spin glass system with J>0 (i.e. ferromagnetic coupling), 
Si) reduces to the "reverse" Kondo value for the isola- 
ted impurity regime and the sign of the total TEP is not 


expected to change. However, one expects a peak in the 


total TEP because of the "resonance" term San) At low 
temperatures s4(T) has been found to behave as se 
while at high temperatures So eat OTe sO, Sette 


at low temperatures while the dependence is of the form 
Sabo eof at high temperatures. A theoretical cal- 


culation of Sal for J>0O has yet to be done explicitly. 
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CHAPTER 3 


EXPERIMENTAL DETAILS 


In order to measure the resistance, the absolute 
thermoelectric power and the magnetoresistance of metallic 
rare earth compounds and alloys at liquid helium tempera- 
tures, a conventional liquid 4He cryostat was used. The 
resistance was measured with the help of a direct-current 
comparator and galvanometer-amplifier, while the thermo- 
electric voltage was measured using a potentiometer and 
the galvanometer-amplifier arrangement. The temperature 
difference across the sample, created by a small heater, 
Was Measured using _ascalibrated Auke thermocouple. The 
resistance measurements in an external magnetic field 
produced by a superconducting magnet, were done up toa 
maximum field of 30 KOe. 

The following sections describe in some detail the 
equipment used and the experimental techniques employed 


ie C1 Ss eSeudy.. 


oe we les eryostat 


The cryostat used in this study is shown in Fig. 
Sule nes madn, coolant 1s eLiquid 4 He in a glass dewar 
connected to a helium reovery line. There are two brass 
cans, the inner can contains the sample, thermometers, and 


the thermocouple. The electrical leads enter through a 
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The Cryostat and Specimen Holder 


Outer Can 


Inner Can 
Pumping Tubes 


Copper Plate 

Specimen 

Phosphor Bronze Spring 

Thermal Anchoring Post for Leads 
Heacer 

Thermal Anchoring Post for Leads 
Germanium Thermometer 


Indium O-ring 
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Stainless steel tube which is also used to evacuate the 
can. TO raise the temperature of the sample a manganin 
wire heater of ~1002 resistance is wrapped on the outer 
wallu of i the inner! can.; The-outer) can» contains: a, carbon 
thermometer mounted on the outside of the inner can, and 
electrical leads to the thermocouple and the heater. 
These electrical leads enter through another stainless 
steel tube from room temperature which is also used to 
evacuate the, outer can: 

The specimen holder is shown in some detail in 
Fig. 3.1. The specimen (6) is mounted on a copper plate 
(5) but electrically insulated from it. The electrical 
insulation is achieved by a thin layer of Ge varnish 
which is a good conductor of heat but is electrically 
insulating. The electrical contacts to the specimen were 
achieved by pressure contact using phosphor bronze 
springs held on to the copper plate with the help of nylon 
screws. The contacts were further improved with a drop 
of silver paint. The electrical leads were soldered on 
the phosphor bronze spring and the wires were thermally 
anchored on a copper post (10). -For the temperature 
measurements a Ge thermometer (11) was glued onto the 
copper plate using GE varnish. 

Each time a new sample was inserted at room tem- 
perature, the contact resistance at the pressure contacts 
was checked with an ordinary ohm meter. Then the elec- 


trical leads were soldered onto the phosphor bronze springs. 
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After the inner can was sealed the heater leads (13) were 
connected to their appropriate pin site (9), then the 
inner can was evacuated. Then the sample resistance was 
measured at room temperature before the outer can was 
bolted in place and evacuated through tube 3. At this 
stage some ene gas was introduced into the outer and inner 
cans and the entire sample holder was lowered into a glass 


dewar. 


3.2 Thermometry 

A Ge resistance thermometer was used to find the sam- 
ple setpetaeure in the temperature range from 2K to 40K. 
The calibration of the Ge thermometer was done uSing a 
Chebyshev Polynomial as described in detail by Kapoor 
(1974). The temperature was measured with an accuracy 
of 4mK. A calibrated platinum resistance thermometer was 
used for some high temperature measurements. The resis- 
tances of the Ge and the platinum thermometers were mea- 
sured by a d.c. resistance comparator (Seth, 1969) using 
a Guildline 9801T precision four terminal variable resistor 
for the comparison. An auto-feedback temperature control- 
ler described by Stackhouse (1977), was used to control 
the specimen temperature. It was found that up to 30K 
the temperature could be controlled at a fixed temperature 
within the accuracy of the Ge thermometer by manually con- 
trolling the heater current. Once the heater current was 
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temperature for periods of quite long time,sometimes 


required to take the data. 


3.3 Resistance Measurements 

The resistance of a specimen (RL) was measured 
using a direct current comparator. (Guildline Model 9920) 
bridge. A basic circuit for the resistance measurement 
is shown in Fig. 3.2. The current through specimen (TL) 
is compared with a current through a four terminal stan- 
dard resistor (Ro) when the voltages across the two 
resistors are balanced. The ratio Ti/t, could be read 
directly from the seven dials on the comparator. When 
the circuit js balanced) then in such a’ situation, 
he ok (Bed) 
enabling us to find the ratio RL/R, Con lene bein on The 


balancing O£ ‘theycarcuLt (i.e. Zeroing Of the potential 


difference across the two resistors, Ry. and R_) was achieved 


using a Guildline type 5214/9460 photocell galvanometer- 
amplifier and a Guildline type 9461 galvanometer. This 
arrangement gave a sensitivity of ~10-?Vv. A standard 
resistor R= 0.18 was used throughout this study, anda 
constant specimen current I, < 100mA was used to measure 
the specimen resistance with an uncertainty of 0.013%. 

For the magnetoresistance measurements a super- 


conducting magnet was used to obtain magnetic fields up to 


20°F Osta LE Nasiarcruiticalmcurrent at s/0A and tield’ factor 
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EiG- jc Cireult diagram of Girect current 


comparator bridge. G is the neutral 
detector. 
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of 0.473 KOe/A. The current to the magnet was increased or 
decreased with an automatic field sweep control. The outer 
can of the sample holder could easily slide into the mag- 
net and the sample was always in the central region of the 
magnet. To measure the longitudinal and transverse mag- 
netoresistance the direction of sample current is set 
parallel and perpendicular to the direction of the magne- 
tic field respectively. The temperature was kept constant 


throughout one run of field from 0 to 30 K0e. 


3.4 Thermoelectric Power Measurement 
To measure the thermoelectric power a temperature 

gradient is applied to the specimen with a heater. A 
simple schematic circuit diagramyvis shown in Fig. 3.3. it 
consists of two conductors (A is the specimen and B is 
leads, insulated copper wires) with two junctions at tem- 
peratures T and T+AT. Under these conditions a potential 
difference AV appears across terminals 1 and 2. The 


BA 


potential difference AV, was measured with a potentio- 


A 
meter (Guildline type 9160) and a galvanometer-amplifier 
(Guildline type 5214/9460) and a galvanometer (Guildine 
type 9461). Such an arrangement gives a sensitivity of 
~2x10°’ Vv. ‘The temperature gradient AT was always kept 
below 3% of the specimen temperature. 


The TEP of the circuit. can be written as (for 


AT << T), 
oe ae — Ee ; (3.2) 
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If the characteristic TEP of the conductors A and B are 


Sand S33 respectively then, 


S = S_=— Ss? = ts (G55) 


If the polarity of the leads 1 and 2 is as shown in Fig. 


Sse ecnen,, Dy sackinition,. Lor AT>;0 


See oa es (3.4) 


Now, the problem has reduced to finding the TEP of the 
leads (i.e. S,)- Once Sp is known, the absolute TEP of 


the speciman (S,) coulde be: found from: equawion (S53)... 
Since a superconductor has zero TEP, replacing the 

specimen with a superconductor enables one to find the 

TEP of the leads directly up to the critical temperature 


of the superconductor. In this study V,Ga re 17K) was 


8 
used to find the TEP of the leads below 17K. As a further 
check and for high temperatures pure Pb (5N purity) wire 
was used as a sample. The absolute TEP of Pb has been 


carefully measured and is listed by Roberts (1977). These 


data were used to find the TEP of the leads above 17K. 


3.5 AuFe Thermocouple 

moenisestudy Aure (0.07 at’ & Pe) —.Cumthermocouples 
were used to find the temperature gradient AT across the 
sample. The most important reason for using such a thermo- 
couple is its high sensitivity at low temperatures. This 


arises from the anomalous thermoelectric properties caused 
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by trace amounts of transition elements (in this case Fe) 
dissolved in noble metals (e.g. Au). Other important 
reasons for choosing AuFe alloys for thermocouple is the 
reproducibility of the thermoelectric properties after 
repeated thermal cyling (Finnemore et al, 1965), behaviour 
ina magnetic field (Berman Ctlal, W964) and: the effect 
of heat treatment (Rosenbaum, 1968, 1969). 

The thermocouples were calibrated with liquid 
helium as the reference temperature. The thermoelectric 
voltage E(T) as a function of temperature for the thermo- 


couple was fitted to a polynomial, 
L 
E(tyc= 2 Buy |, (on) 


where BL are coefficients taken from the published results 
of Spark and Powell (1972) and L=14. The sensitivity for 
the, Aure-cumtiermocouplerasPmartunctlonmonmtenperature: is 
presented in Fig. 3.4. 

These thermocouples were made by spot welding AuFe 
(0.07 at %) wire to Cu-wire and then electrically insulat- 
ing them with a layer of Ge varnish. The arrangement of 
the differential thermocouple to measure a temperature 
gradient AT across a sample is shown in Fig. 3.5. The 
two junctions 1 and 2 were glued on the sample with GE 
varnish very close to the voltage measuring leads. The 
thermal gradient was measured in terms of the voltage 
difference between the copper leads 3 and 4 with the same 


potentiometer and galvanometer-amplifier arrangement that 
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Fig. 3.5 Schematic diagram of the arrangement for 
measuring the thermoelectric voltage AV. 
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was used to measure the thermoelectric voltage of the 


sample. 


3.6 Specimens 


6! PrBe and NdBe 


were prepared at Tohoku University, Japan, by a floating- 


The single crystal specimens of CeB 


zone method and provided to us by Dr. T. Komatsubara. The 
rest of the samples were polycrystalline and prepared in 
were 


an arc furnace. The compounds LaB Gab, and Dys 


Gy 6 6 
supplied in powder form by Cerac Inc. (Wisconsin) with 
99.9% purity. The powder was first compressed into pellet 
form. These pellets were melted in an argon atmosphere in 
an arc furnace. 

To prepare [La,_ Re, 1B alloys (where x is the 
concentration of Re=Gd and Dy) appropriate amounts of 


LaB- and ReB, powders were thoroughly mixed and then com- 


6 6 

pressed and arc melted in an argon atmosphere. In the 
same manner dilute yttrium-rare earth alloys were also 
prepared. The specimens were cut into rectangular shape 
from the arc melted buttons using a fine diamond saw. The 
specimens were etched in dilute nitric acid and washed 
with alcohol. The annealing of the samples was done in 
an argon atmosphere at ~800°C for about ~8 hours. “The 


typical size of the hexaboride specimens was 2mm x 1mx 10mm 


while the Y-Re alloys were about 2mmx2mmx15mm in size. 
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CHAPTER 4 


REB COMPOUNDS 


4.1 Properties of the Compounds 


Ald the ®REB” (RE =La,. Ce, Pr, Nai Gd, and” Dy) 


6 
compounds, we have studied, order antiferromagnetically 
at low temperatures except, of course, for non-magnetic 
LaB,. Néel temperatures (Ty) found from our resistivity 
data are given in Table 4.1 along with the other values 
from the literature. The crystal structure of REB, is 

of CsCl type with RE ions at Cs sites and the Cl sites 
occupied by a small octahedron of B atoms (Fig. 4.1). 

The lattice constants, taken from Gschneider (1961), are 
given in Table 4.1. As discussed in Chapter 2, in the 
case of rare earth magnetic ions the magnetic f-electrons 
are well screened by the outer electrons. The magnetic 
moment is localized on the rare earth ions. These local- 
ized magnetic moments of free ions are retained in solids 
containing rare earth ions. It can be seen from Table 4.1 
that the magnetic moments of the rare earth ions in REB 
are very close to their free ionic value. In such magne- 
tic systems it is believed that the magnetic moments 
interact with each other indirectly via conduction elec- 


tron (RKKY interaction). The magnetic ordering tempera- 


ture in amean field model is found to be: 
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Table 4.1 Crystallographic and magnetic data for REB. compounds. 

REB Lattice Pie( K) (K) U (ried LU (ue ) 

: constant (A°) 7 eae 1 Seee 
LaBy 4.154 _ - = m7 
CeB, 4.139 2A -76 2.49 2 DA 
PYBe 4.130 6.99 -68 Saye Shearer! 
NdB, Re eas, Io dA -42 3.54 POL 
GdB, 4 lode: asa 2 K -55 83.10 LU 7.94 
DyB 4.098 ZUG oh -21 da ead oes! L0763 
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where ¥ and J are the exchange constant and the total 
angular momentum of the magnetic ion. The magnetic tran- 
Sition temperature (TO) is expected to be proportional to 
(g,-1) *a(g+1), sometimes called de Gennes factor (G), in 

a series of isostructural metallic rare earth compounds. 
In such a series g is not expected to vary much. Fig. 4.2 
shows the experimental Néel temperature for rare earth 
hexaborides as well as the Néel temperatures calculated 
from the de Gennes rule (eqn. (4.1)) by first finding s 
fOs GdB, (T= 15.15) from eqn. (4.1). The deviation 
from the de Gennes rule is quite evident. These deviations 
are usually attributed to the crystalline electric field. 


The asymptotic Curie-Weiss temperature in the RKKY 


approximation is given by (de Gennes, 1962) 


SAAT (4-1)? 5 (a+) 5 F(2K,R, «) (4.2) 
8 ae oj= J itn ae ’ ° 
p 4k ,E, fee Belay 
Px = (CoS x = Sin Fahy op where T is the s-f exchange 
integral. In the above expression E, and Ke represent the 


Fermi energy and Fermi wave vector of the conduction elec- 


trons; Ke is the Boltzmann's constant, and Z is the average 


number of conduction electrons per atom. The summation 
extends over all distances Sg between localized moments. 
For the isostructural compounds REB; in which RE atoms have 


the same valency one has within the free electron model, 
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Fig. 4.2 Observed Néel temperatures (Ty) of REB¢ (dashed 
line), with corresponding predictions of the 
de Gennes rule (solid line). 
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where A is the same constant for all these compounds. To 
compare the values of the s-f exchange integral rp Or 


different REB, compounds we can normalize hes with respect 


6 
2 
to Pag and we have 
2 TG 0% 
Ei 8 (REB =x > 
Re pow! Bienes ae (4.4) 
Rede We a) Reap eem Gea) 
Gd 
where te are experimentally determined values for REB « 
Caken@ Crom Padernovetval) (1967/7). Eig. 4.3 shows that is 


variation in REB is very large and decreases by more than 


two orders of magnitude from the light to heavy REB, com- 


6 


pounds. Such a large variation in ne foreign vane 


earth hexaborides (particularly CeB.) might be due to 


6 


difference in the strength of the interaction responsible 
for the coupling of the magnetic moments at low and high 
temperatures (Lee and Bell, 1972; Nickerson and White, 


1969)". 


4.2 Experimental Results and Discussion 
Resistivity, thermoelectric power (TEP) and magne- 


toresistance (MR) of REB¢ (RE.= La, Ce, Pr, Nd, Gd and Dy) 


have been measured at low temperatures. The experimental 
results and the discussion of the results is presented in 


the following two sub-sections. We have separated CeBe 


from the rest of the antiferromagnetic REB, compounds 


6 


because of the anomalous behaviour of CeB,. 
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The resistance data for CeB, EDOM Lao k. CO room 
temperature is shown in Fig. 4.4. A minimum is found at 
~150K. The resistivity decreases with increasing tempera- 
ture above a maximum of 3.5K. Above 4K the resistivity 
is proportional tov log tl as® shown jin tg. did) There is 
a rapid drop in resistance below Ty = 2-4K which is due to 
the transition to the antiferromagnetic phase. 

The thermoelectric power (TEP) of CeBy as a func- 
tion of temperature is shown in Fig.4.5. A giant peak of 
265 uv/K in the TEP at Trax LOK is observed. There is a 
small peak at T~ 4.3K and a change in slope at 2.4K asso- 


ciated with Ty: The TEP becomes negative below 2.2K. 


It is possible to define three phases in CeB 


6 
(asuvancteal,, 1901) eihesphase: Dil vis sor T<T.,, where 
T, = 2.4K is the antiferromagnetic ordering temperature. 


This phase is found to be magnetically anisotropic accord- 
Mgeeoekactvaretedla (Ogle Phase: Digexis (sain athemten= 
perature range T,<T<Ty, where T) corresponds to the 
maximum in the resistivity data. This phase is nearly 
isotropic. And finally, phase I, which is completely 
isotropic, exists above Ti- The resistivity in phase I 
Nasmbeensinterpretcd by Kasuva et fal (198)) (usings the 
Suhl-Nagaoka formula (Daybell, 1973), which was derived 
for dilute (or single impurity) Kondo systems. The resis- 


tivity below 4K cannot be explained by the formulation 


for dilute or single impurity Kondo systems. 
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Recently, there have been some theoretical investi- 
gations taking into account the so-called "Kondo lattice" 
model. The term "Kondo lattice" was coined by Doniach 
Cio jn UU venretrai (L977) have (suggested that, theyneed 
of the theoretical investigation of concentrated Kondo 
compounds or "Kondo lattice" beyond the isolated impuri- 
ties arises due to the competing nature of electron-local 
Spin interaction in these systems. For the 'normal' rare 
earth systems, the 4f level is far below the Fermi level 
and these materials have an integral number of 4f electrons 
with a well defined magnetic moment. In the "anomalous" 
rare earth systems the 4f level is close to the Fermi level, 
and a large resonant scattering can occur in these systems. 
This scattering is believed to be responsible for the 
Kondo effect that appears in many rare earth alloys and in 
some compounds. 

Lacroix and Cyrot. (1979) transformed the Kondo 
Interaction using: they ideasof Yoshimorivand Sakurai (1970) 
IncOmawtictr ti ousys=£ hybridization. eihisshybridazation 
gives a resonance of width Ty (Kondo temperature) at the 
Fermi level. The above authors considered a system of 
conduction electrons interacting with periodically arranged 
magnetic ions described by an Anderson Hamiltonian. Such 
a hamiltonian has been shown by Schrieffer and Wolff (1966) 
to be equivalent to the s-f hamiltonian. The hamiltonian 


with s-f hybridization is given by 


Frey 


borne. 


— 


, 


v4, 
aSu2 


(part) 2. 


euojfie rites ote wan ot exso7qs “srt +oetts -obm 
: = 
7 7 


rrr é kxiT sdettes ubiscua i-2 evoisisoiz 


tf iste zac cbaot) T dtbsw %o sonséq0eet 6 ue 


r 


go Yedmen! I's upaan 16 eyed sihekuaten ozs 


S Side oj an 29 beves riod ak pained 3a0e » et 


fet hors a 


otbabaey Pepe enisoszetal sxousools nolsrul 


¥ LD f 20 2 


ia 
ah a 


cor ut jeqm00 efit ot 


-— 
ne Cael ote 


on” subg sete saancore seeds ne stteseoi ‘ 


poe 


ars we: fad ued Pad Tevel i oie emer 


add Al .feQmem olteancm Boaiteh ilew's 
eR i ; 


nigh Level Yh oft emeceye fous 


+ oF Sate 
fi tuoDe ne gaisestsoe JasnoLget apis’. 


Fa 


incall > 


ae 


waxotenkes (2TOL) +tozy0 bas xtoToet | : 


i 


tc soebi ait pater nolts sxe | 


S 


= 4 


Sin i, 
Beteblons zrosts0s oS ne 


«tt not eet soetebas aS a hediase=} anol 1308 


or 


Ty 


Low. bes votnodaien We — poad ast asinot Limae 


ony saeaiee ined oe 
Poduabe vn 


i, Be ined & 4 
os ) Pe errr r ) (Eafe Sle les 
Ko iG 
+3 + Pagel t t 
} *i Hl it 7 ESR ahs 2 } ee Mecho le 


where Cie au and Ex! Es are the creation operators and 
energies of an s-electron of wave vector K and an f-elec- 
tron on site i respectively. J is the usual s-f COup Ling 
constant, n is the number of conduction electrons per 

atom (knowing that there is one impurity for each site), 
x. and ve represent the fictitious s-f hybridization. 
These are considered as order parameters and their average 
values are reduced to zero above a temperature Woo As 
soon as x#0 (assuming x=y) a gap is opened in the elec- 
tron density of states around the energy of the impurity 
level. 

In the high temperature limit the Kondo lattice 
system can be treated as a collection of incoherent impu- 
rities as the interaction between the rare earth ions 
becomes negligible. Taking into account thermal fluctua- 
LiOnssOl x, Gayagna et al (1982) havevfound that the high 
temperature resistivity decreases logarithmically as found 
in CeB, (Fig. 4.4). At the low temperatures coherence 
develops between the impurities and the system can be 
considered as a "Kondo lattice". According to Lavagna 


Styals(1932) 7 the sspatial fluctuacitons, (from site’ to: site) 


of the s-f hybridization are responsible for the electron 


wifani «5s Bes & SOR SM 


ifaro> i-= laben omy Pv bis sie EpoReet ‘ soie a 


votuugn: er to veueas SH arucets se28se 20 ytianeb £0; 


1o3. as Li sskmiegebOE 92 aseiveb yriviseiser owtst 


. Oe ~* 
2303 S200 


es | bso 


os a OP _ 
19g aneritoels & ha cil to gacins eit ‘ado 32 Sta, 
vs 2 Pers lode , f » 
Hose at ee ct io “i eros its paiwon 
| Ae a, 
iolieeg ferievs Yet “eilodea a? eck sueseIget = ) 
‘ o. : = 
‘Ss tietfe Ges 2163 onbtee aebe0 Be bershieno na 


® . 


>5 60 CS? eaytewecnst = 66g ores Of Seouhst 916 Seles 


Jj) obnot coke same eaereteqwet dyin oft at 


= 


mi Jngzetooth to nodteaiies s an betaest ed cgi 


10% ified ome aad aged e d aobgoasaatal ont as at 
pads Chee JOT aia anise? seidipiiven: 2am 


nO% 


7 


pats Bis tage a oan peer) Be & 32 sabaved ‘= 10. a2 (ie 


A 


song Isioo Bs suai cgpin wok ord JA +f . eee) e 
ere Gal Ak st SYS ana Mere eutatmes 


sreosvet oF el sMeoieaet ¢ 


ae Weta: 


58 


scattering. The low temperature resistivity of a Kondo 


lattice, according to Lavagna et al (1982), has a maximum at 


is 1/3 
Ty = 0-367 T,, (1-n) (4.6) 


From the Hall measurements by Kasuya et al (1981), we know 


thaci n=O. 9 fox CeBy at low temperatures. The value of T 


found from eqn. (4.6) is:20.5K. This value of Kondo tem- 


K 


perature is twice the Kondo temperature found from the 


position of the peak in the TEP of CeBy (Pia Oy eae Ed 


EhewPcemetivity calculation: by Lavagnajet al (1982) ethe 
effect of magnetic ordering at low temperatures has not 
been taken into account. However, this "Kondo lattice" 
model calculation gives the qualitative behaviour of resis- 


tivity as observed in the case of CeB The resistivity 


6° 
increases with temperature, has a maximum at T) = 3.5K and 


above, 4K$it; decreases as log Tas the incoherent Kondo 
scattering dominates. 

Based on the same model Lavagna et al (1982a) cal- 
culated the TEP of a "Kondo lattice" system. According to 
them at lowest temperatures the TEP is positive for n<l 
and increases with temperature, has a maximum at a 


temperature above T The TEP can be written as approxi- 


He 
mately 
s(T)= S/IL+(T/T,)°] , (4.7) 


where 
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Fig. 4.5 The absolute thermoelectric power (S) of CeB 
as a function of temperature (T). 
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The giant positive value in the TEP is expected because 


=—2/3 
of the factor (1=n) / LS G)) . PoROren = 10. 9 -and T) = 3-9K 
from the resistivity data of CeBy, we find 
So = 725 uv/K at LOK. 


ieskondo) Lattice model) calculation againsqualitatively 
explains the giant values of the TEP data and a qualita- 
tive temperature dependence can be understood without 
taking into account the magnetic ordering. Therefore, 

one can conclude that even if there is no detailed theore- 
tical understanding of the behaviour of 'dense Kondo' CeB,, 
the 'Kondo lattice' model does give a qualitative under- 
standing of the transport properties exhibited by CeBy. 
Recently there has been a longitudinal MR measurement by 
eetopet val (1933) vatya constant temperatunesot 06k in the 


antiferromagnetic phase of CeB, (i.e. phase III). Their 


6 
results show that for T< Ty the MR is positive and 
increases with increasing field and goes through a maximum 
at aecritical field H,, the antiferromagnetic to paramag- 
nemic i transition field. gror H> Hoy the MR decreases with 
increasing field. This is consistent with the behaviour 
expected for an antiferromagnetic metal (Yamada and Takada, 
POV SRniLo 73a). 

We have done the MR measurements in the phase I 
(i. 258 T.>.3)5K) of CeB, up to a field of 30 KO0Oe and in the 


temperature range from 4.2K to 20K. The isothermal longi- 


tudinal MR and transverse MR at 4.2K, 10K and 20K are 
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H (KOe) 


The magnetoresistance (2070.5) of CeR. as a function of 
external magnetic field (H) at various temperatures. 
Symbol || and 1 means longitudinal and transverse magne- 
toresistance respectively. 
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Shown in Fig. 4.6. The MR are negative and decrease with 
increasing field (H). We observe that there is very 
Pveeiclantisotropyi inthe MR in: phase L,thatvis, ithe 
longitudinal and transverse MR are the same. This is 
Gongestent with the results vof Kasuya et al (1981), as 
they have suggested that phase I is completely isotropic. 
We find from the MR data at 10K and 20K that the MR is 


2 aseshown in Fig. 4.72%.The 4.2K 4so0- 


proportional to H 
therm shows a ec dependence only below 16 KOe; above that 
tveiaethe MR is’ linear in H. ‘Fromukig: 4.64and Fig. 4.7 
we observe that there is some kind of transition from one 
phase to the coher ae 16KOe for 4.2K isotherm. This is 
consistent with the phase diagram obtained by Kasuya et al 
(1981). At 4.2K as H is increased from zero to above 
~16KOe the phase changes from the phase I to phase II. 
From our MR data it is found that the MR varies as Ho in 
phase I while it has a linear H dependence in phase II, 
and. the critical field A, of transition from phase I to 
phase II at 4.2K is ~16KOe. The negative MR in phase I 
and phase II is quite consistent with the theoretical 
results for an antiferromagnetic metal for T>T,. (Yamada 


N 
and Takada, 1973, 1973a). As mentioned earlier, CeB. 
can be treated as a collection of incoherent impurities 
in phase I. Hence for T> 4K the MR in phase I is expected 


to be similar to the dilute magnetic alloys. The negative 


magnetoresistance appears because of the suppression of 


fluctuations of the localized spins by an external magnetic 
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Fig. 4.7 The magnetoresistance (Ap/p_) of CeB, as a 


function of H“ at various temperatures. 
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Table 4.2. CeB, values of parameter A in phase I for CeB 
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field. Such negative MR are observed in ferromagnetic 

and paramagnetic phases and also in dilute magnetic alloys 

(Yamada and Takada, 1973; Béal-Monod and Weiner, 1968). 
As mentioned earlier, the MR in phase I can be 


expressed as 


Ap a 0 (H, T) oF op (H=0,T) ie 2 
oe 0 (H=0,T) pee er. ct Feta 


The values of the parameter A for temperatures in phase I 
are given in Table 4.2. We find that A has an inverse 
temperature dependence with some discrepancy at 4.2K due 


to phase change from phase I to phase II. 


Weenie. ANtiferromagnetic REB 5 (RE = Pr, Nd, Gd and Dy) 

The residual resistance. ratios (RRR), the ratios 
of the resistivities at 293K to those at 4.2K, are given in 
Wable 74.3 for ‘the REB> compounds. In this section we pre- 
sent an experimental study of resistivity, thermoelectric 
power (TEP) and magnetoresistance of antiferromagnetic 


hexaborides (REB RE = Pr, Nd,.Gd and Dy) along with non- 


6! 
magnetic LaB,. 
4.2.2a Resistivity 

The resistance ratio r=R,/R(R,=sample resistance 
and R= 0.1%, standard resistance) is measured directly 
with the d.c. comparator as discussed in Chapter 3. In 


this presentation, r is reported rather than the sample 


resistivity because of the geometrical uncertainty with 
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Table 4.3 Residual resistivity ratio (RRR) for REB; compounds. 


Sample RRR = 10:(293K) / 04.28) 0 (293K) uk-cm 
LaBy 16 9 
PrB, . 18s 15 
NdB, 16 1476 
GdB, 8 ai 
DyB 9 40 
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irregular and small specimens. 

The resistivity of non-magnetic LaBy does not 
changessignificantiy below 30K as shown an Fig. 4.8: 6A 
similar iresult.has been, found, by Kasuya>et al (1981) .. The 
phonon resistivity is expected to be negligible in iso- 
structural REB¢ below 30K. 


The resistance data for PrB NdB GdB- and DyB 


6! Gu 6 6 
are presented in Fig. 4.8 and Fig. 4.9. The common fea- 
tures of the resistance (r) data are a rapid increase in r 
with temperature T below Tye a change in slope of r at Ty 


and a slow increase in r which is linear in T above Ty: 

The Neel temperatures (TH) are given in Table 4.1. 

In the case of PrBe we observe a thermal hysteresis in the 
r vs T curve at ~4K, as shown clearly in the insert of 
Fig..4.68. BAccerding to the neutron difiraction studies on 
PrBe by McCarthy et al (l2cO)mmbelow ~o.9K there: 1s -an 
incommensurate antiferromagnetic phase with magnetic lattice 
wecton -Ol=4(0% 28, 0.23, 0.5) 27/a, while a commensurate 
Diase wren = (0.25, 0.25:;,. 00%.) 2m/a, is seen to coexist 
with the incommensurate phase at 4.2K. At lower tempera- 
tures only the commensurate phase exists. The hysteresis 
in r vs T data at 4K is associated with the low temperature 
phases transition. At T< S3okK* only the commensurate: phase 
exists. The extrapolation of resistance data (Fig. 4. 8) 
in both phases show that the resistivity is smaller in the 


commensurate phase than in the incommensurate phase. This 


is quite consistent because the commensurate phase is 
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relatively a more ordered phase than the incommensurate 
phase. The neutron diffraction data shows only a commen- 


Surate phase for NdB, below Ty (McCarthy and Tompson, 1980). 


The resistivity data for GdB, (Fig. 4.9) reveals 


6 
hysteresis at about 7K. This hysteresis is associated with 


a second phase transition (Nozaki et al, 1980). The mag- 


netic structure is not known in GdB-. However, the extra- 


polation of the resistance data in Fig. 4.10 shows that 
phase II has greater resistivity than phase I. This 
suggests that phase I is relatively more ordered than 

phase II. A neutron diffraction study could reveal whether 
phase II is an incommensurate magnetic phase. The resis- 


tance of DyB, shows only one phase up to T 


6 N° 


To interpret the temperature dependence of the 


resistivity of REB,- compounds, we shall first discuss the 


6 


resistivity at the lowest temperatures, then the resisti- 
vity due to electron-spin wave scattering and finally the 


Cryitigaleresiativity in the vicinity ‘of Ty: 


The resistivity of the. REB. (RE= Pr, Nd, Gd and Dy) 


6 


compounds at the lowest temperatures varies at ia as shown 
invPag. 4.11. The temperature range of ag dependence for 


each compound is given in Table 4.4. Kasuya et al (1981) 


have also observed a ia dependence of resistivity for 


"dense Kondo" CeBy at T<< Ty (T= 2.4K). A Similar 7? 


dependence of resistivity below 0.3K has been found for 


CeAl , which is: also a “dense Kondo" material. Mott//(1974) 


and Andres et al (1975) have interpreted this t? dependence 
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Table 4.4 Temperature range of 7? and rs © yo tdl, 


dependences for REB | compounds. 


Sample 7? range r4 or t? range 
PrBe hes BS, es Sei Ries lar (6128 K 
NdB¢ BAe Tha ot 6 LS yl laced easel Pai Sy 5 
GdB, hops le IAs Oe TKR ey Lan eK 
DyB ios Rae Laer Shae Ai2 Kis i Oro 


as an interband scattering effect between the conduction 
evectrons” andthe band of collectives states. 
The phonon scattering, which as we have remarked 


earlier is negligible in LaB, below 30K, is expected to 


6 
be the same in the other isostructural hexaborides. At 
the same time recent de Haas-van Alphen studies of some 
REB (RE “hay Ce; rreande Nay)» by van Deunsen "etrale (1982), 
show that the 4f-electrons have only minor influence on 
the geometry of the Fermi surface but the dispersion of 
the bands near the Fermi energy is very much dependent 
on the filling of the 4f band, which is evident from 
the high values of effective mass. The large masses are 
attributed to the interaction between the conduction elec- 
trons and the partially filled 4f-electron states. 

The rT? resistivity variation appears only in those 
REB- with some occupied 4f-electron states and not in LaB 


6 


Neither do all the REB ¢ compounds that show the 7? resis- 


tance show a Kondo effect. On the other hand, electron 


6° 


SBeatterang-of the*Baber type” (Baber,” 1937;"Mott, 1974) in 
which the low mass conduction electrons are scattered into 
large mass states should be significant in each of the 
compounds containing a rare earth with a partially filled 
f-band, just as it is in the transition metals (Dugdale, 
1977). This scattering is proportional to the square of 
the density of empty large mass states, which in turn is 


proportional to the square of the electronic specific heat, 


C= T.. “Thesresistivity, ares shown in Fig. 4.11 should 
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then be related to the specific heat. The specific heat 


Poe peenemedcured fore rrs (Lee etvaly (37079 McCarthyi et 


6 
al, 1980) and both’ sets of data yield an approximate value 
of ye 2800 mOlesKaS. FLOM, OUr. datas Lor PrBe ees CCl Te 
O Sais THUSpeLM enese UnLis A/y > 0) Sen which is 


very close to the value 0.3 x 10? 


quoted by Dugdale (1977) 
fori the.Pd, stand Ni: groups of transition’ metals. Other 
transition metals have similar values for A/y? and from 
these comparisons it would appear that the importance of 
electron-electron scattering in rare earth hexaborides is 
Similar to that in the transition metals. From these 
observations of the 7 dependence of 9 we conclude that 
this behaviour is not a characteristic property of "dense 
Kondo" Ce compounds but rather is common to all the magne- 
tic rare earth hexaborides. 

A 7 dependence of resistance is observed for PrBo 


and NdB, and a rT dependence is found for GdB, and DyB 


6 6 6 
just below their respective Néel temperatures as shown in 
Fig. 4.12 and Fig. 4.13. The temperature regime of the 
4 or ~ dependence is given in Table 4.4. According to 
River and Mensah (1977) the@resistivity.(0) of an-antz— 
ferromagnetic material due to electron-spin wave scatter- 


ing can be written as 


4 
Pmetal ~ t 


and 
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ae caiscussea in; Chapter 2... [tis therefore believed that 
the observed 4 dependence for PrBe and NdB; and T° depen- 
dence for GdB eo and DyBy is due to conduction electron-spin 
wave scattering. 

TOPSeudye the: cratical ‘resistivity, thes resistivity 
in the vicinity of the magnetic phase transition of the 
REBe, a detailed measurement of the resistance is done 
around Ty Any reasonable fitting of the critical resis- 
tivity in the narrow temperature range where it is visible 
near Ty needs a very accurate measurement of resistance. 
It was possible to measure the resistance ratio Tote / Be 
WLtn an accuracy Of One parts in 10 as discussed in 
Chapter 3. Some of the advantages of studying the critical 


resistivity of the REB, compounds are as follows: (i) These 


6 
compounds have cubic crystal structures and the resistivity 
is expected to be isotropic, hence the critical exponents 
can be obtained even with polycrystalline samples. (ii) The 
ordering temperatures of these hexaborides are below 25K 

a convenient range for precise control of the temperature 
and accurate measurements. (iii) All other temperature 
dependent contributions to resistivity are small for tem- 
peratures below 30K as evident from the resistivity data of 
isostructural non-magnetic LaBy. 


Therresistance (r) Gn the vicinity of T along with 


N 
its temperature derivative (r') ais shown in Figs. 4.14, 4.15, 
4.16 and c4eiijpiorm«PrB NdB GdB.- and DyB, respectively. 


bn 6. 6 6 


We observe a divergence in fr’ at Ty as expected from the 
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Fig.4.14(a), Variation of normalized resistance 

r= ReyReS where R, is sample resistance and Rg=0.12 
(standard resistance), as a function of temperature 
CEeinetrs.* 

Fig.4.14(b). The temperature derivative of the 
resistance r'(T) showing a maximum at the Néel 
temperature (Ty=6.99K) and a smaller peak at ~ 4.2K 
corresponding to the second phase. 
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Fig.4.15(a). The resistance (r) data for NdB¢ 

as a function of temperature. 

Fig.4.15(b). The temperature derivative of the 
resistance r' as a function of T, showing a sharp 
peak at the Néel temperature ce = om woe NdB, . 
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Fig. 4.16 The resistance (r) and its temperature 
derivative (r') as a function of temperature 


Chr ckor, GdB, in the neighbourhood of Ty 
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Fig. 4.17 The resistance (r) and its temperature 
derivative (r') as a function of Tem- 
perature (T) for DyB, in the vicinity 
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theoretical prediction discussed in Chapter 2. The anti- 


ferromagnetic REB, compounds are classified as type II 


6 
antiferromagnets because of the positive divergence in r'. 

The derivative r' was obtained by numerically diffe- 
rentiating the measured value of r. To do this a group of 
adjacent data points were fitted to a quadratic equation 
and then the first derivative was calculated at the mid- 
point. By sliding the curve along the experimental data, 
it was possible to obtain the values of r' for the entire 
temperature range of interest. 

The analysis of the experimental data was carried out 


using the expression for the resistance r in the vicinity 


OF Ty? 


Bae Bip 

(op eI B, {tl + A,|t| Sina (4.9) 
where subscript + or - is used for the reduced temperature 
t>0O or t<0O. The first term in the above equation is due 
to regular spin scattering, the second term represents a 
small linear contribution due to phonon scattering and 
finally the last term is the contribution due to the criti- 
cal scattering. Recent theoretical calculations have shown 
that the critical exponent Oe eee (Malmstrom and 
Geldart, 1982; and Balberg and Maman, 1979). 

There are some difficulties to be aware of in 
analyzing the experimental data to extract a reliable value 


of the critical exponent. These are, (i) changes in the 


Spin scattering trom thegcrifical region, to the, classical 
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Spin fluctuation region are gradual and an inaccurate 
value of the critical exponent may be deduced by choosing 
£00 Targeésasrange Of t.. his;arises from an uncertainty 
in the temperature range over which the theoretical 
expression can be used; (ii) an accurate expression for 
phonon resistivity in magnetic metals is not available 

and (iii) the values of the critical exponents calculated 
by various theoretical models differ only by small amounts, 
hence it is difficult to provide experimental verification 
of one. In spite of the above difficulties a careful 
analysis of the data can give us valuable information. 

The criteria for a satisfactory fit to the data were that 
it must yield a random distribution of residuals as a 
function of the reduced temperature and that the root mean 
Square error is of the order of the estimated experimental 
error. To reduce the correlation among the parameters, Ty 
was treated as a fixed parameter in the regression proce- 
dure. The value of Ty was first estimated by taking it to 
be the temperature at which r' has a maximum. A small 
deviation in Ty from the maximum in r' is possible due to 
crystal imperfections and strains. as well as by the numeri- 
cal method used in extracting r' from the experimental 


data. Hence Ty found from the maximum in r' was changed 


ing small steps in search of a better f1£ to, the data. 


The resistance data for T< Ty as well as for Tole 


were analyzed using eqn. (4.9). The values of Ty and a 


are given in Table 4.5 for PrBe, NdBe, GdBe and DyB,.- 
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Table 4.5 Experimentally determined values of the 


Critical exponent (a) for REB ¢ antiferromagnets. 
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The values for GdB. and DyB, are taken from the work of 
Singh and Woods (1981). 

According to theoretical calculations the values of 
Cm hom di=ss- and ne=1)2,3, 41 and: 6: are: 02125) 7-0.02, —-0.11;, 
-0.17 and -0.38 (or -0.27) respectively (Bak and Mukamel, 
1976; Leguillon and Zinn-Justin, 1980; and Malmstrom and 
Geicanr,, §9S0).. Eor PrBe and NdB, the values of a are 
very close to the theoretical value -0.02 for d=3 and 
mer. The value. of @ for DyBe Suggests it to be equivalent 
to a system with d=3 and n=4, while for GdB, the critical 


exponent corresponds to d=3 and n=6. 


4.2.2b Thermoelectric power 

The absolute thermoelectric power (TEP) of REB¢ com- 
pounds as a function of temperature is shown in Fig. 4.18 
and Fig. 4.19. The main features of the TEP data of REB> 
are as follows: (i) a minimum in the TEP (See) is observed 
near the lowest temperatures for all the REB, measured, 
(ii) at higher temperatures the TEP of non-magnetic LaBe 
is linear in T and positive, while for REB, (RE= Pr, Nd, Gd 


and Dy) the TEP is linear in T above T, but with a negative 


N 


slope and at higher temperatures the TEP is negative, (iii) 


at Ty we observe a rapid increase in the TEP for PrBe, NdB. 


and GdB while for DyB, there is a gradual change in the 


6’ 


slope of S just above T (iv) for PrB, there is a small 


N’ 6 


peak at ~3.5K associated with the low-temperature commen- 


surate phase while the low-temperature phase of GdBe is 
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Pig. ¢ 18 “Absolute thermoelectric power (S)eof abe, 
PrBg and NdBe as a function of temperature 
Ca 
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evidenced by a shoulder in S at ~7K and (v) a broad maximum 
ious found for DyB, at ~l6K. The values of Seis and the 
temperature at which they occur are given in Table 4.6. 

We will first discuss the TEP data of non-magnetic 


LaB The non-linearity in the TEP below ~10K is thought 


6° 
to be mainly due to phonon drag contribution ooh because 
at low temperatures the linear electron-diffusion term is 
expected to be very small. Three contributions to the TEP 


are schematically shown in Fig.4.20, where S is the phonon 


gN 
drag contribution due to normal electron-phonon scattering 
and “si is due to Umklapp electron-phonon processes and S. 
is the electron-diffusion term. At higher temperatures = 
becomes linear in T. These three contributions can quali- 
tatively produce a minimum at lower temperatures and a 
linear TEP behaviour at higher T as shown schematically in 
Pig-a.46.20. 

We note that REB, compounds are isostructural and 
specific heat measurements by Lee,et al (1970) and Westrum, 
eued imc! 966)" have beenvinterpreted ineterms Of the non] 
Magnetic lattice specific heat being the same for each at 
low temperatures. In the case of antiferromagnetic REB 


compounds for T< T in addLtzoneto oe and So contributions 


Ne 
there is possibly another contribution Sn due to magnon 
drag. As mentioned in Chapter 2, Sn has the same tempera- 
ture dependence as ae Hence it is believed that the 


shift: in ee and change in S88 for different REB; 1s due 


to this additional magnetic contribution =a to the non- 
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Fig. 4.20 a) Schematic diagram of the resultant 
thermoelectric power (S) as a function 
eign die 
b) Schematic diagram of the individual 
thermoelectric power contributions (S 
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Values 
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and? T ., 
min 


2 ib 


of REB , compounds. 
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magnetic contribution Sh cae Because of similar tempera- 
ture dependences it is difficult to isolate each individual 
GOncrabuGion. 

The broad maximum in the TEP of DyB. Sue tomlin oa wes 
possibly due to the crystalline-field effects. In the 
case of a crystal-field split ground state there is an 
effect on the TEP due to variation in the thermal popula- 
tion of the different crystal-field levels (Peschel and 
eulde, 22/0; and (Sierro et al,, 1975)... Umlaut jec val tn 73) 
have demonstrated that these effects show up in the TEP 
but not necessarily in the resistivity. Takayama and Fulde 
(1975) have shown that for two singlet levels separated by 
an energy A the TEP has a maximum at T=A/2. According to 
them the broadness of the maximum is due to interaction 
between the magnetic ions via the conduction electrons. 
We suspect that the broad peak at ~16K in DyB, is due to 
crystal-field effects. 

The TEP contribution due to the random magnetic 
compounds for T>>T._ is called the 


6 N 


spin-disorder TEP (erase Because of lack of any theore- 


moments of RE ions in REB 


Elealrecalculation:of Seed one is forced to estimate Pepa 
from a phenomenological approach. As discussed in Chapter 


2, one can write, 


Sra o ee , (4.10) 


where in our case S" is the TEP of magnetic REB¢ (RE=Pr, 


Nd, Gd and Dy) and os ™ is the TEP of LaBe. The ratio 
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Fig. 4.21 The spin disorder thermoelectric power (Sspq) 
Creep py and NdB¢ aSsVarerinc Orono tees 
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0 is equal to R /R i is- 
ea q ic/- ees where R, is the sample resis 
tance at temperature T and R = - ? i 

p ae R(Ty) Ry Here R(T.) is 
the resistance at Ty and Ry is the™residual resistance 


found by extrapolating the resistance data to zero tem- 


perature. The estimated oe as a function of temperature 


pd 
for antiferromagnetic REB is shown, in Fig. 4.21. and 
Fig. 4.22 for T>T.. It is clear that the S$ is nega- 
N spd 


tive and linear in T for all four hexaborides. This 
result is consistent with the earlier findings of Gratz 
5! GdNi and GdCu,- 


The TEP shows the phase transition from antiferro- 


and Zuckermann (1982) for GdAl 


magnetic to paramagnetic phase as a sharp increase in §S 


Hedtale.s In the: case of DyB. this phases transition as noe 


N 6 
as sharp because of the masking effect of the anomalous 
TEP due to crystal-field effects. According to the 
theoretical investigations cited in Chapter 2, the TEP in 


the critical regime should show a divergence in dS/dT=Ss' 


at Ty as in dr/dT. The temperature derivative of S in the 


Vicmmity Of T. was Obtained: by £irsEgritting the experi -— 


N 
mental data to a smooth curve and then finding the slope 
of the smooth curve around Ty ine Bugs. 4.723, 4..24.and 
AO eeewe nave shown © = .Or/al andyom—ds/0dm in tie 
neighbourhood of Ty for PrBe, NdBe and GdB respectively. 
We do observe a peak in S' at Ty as ln ty, 

To test that the S' and r‘ are directly proportional 


and have the same critical behaviour (Ausloos, 1977a, 1978; 


and Helman and Balberg, 1978), we have plotted S' vs r' 
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Fig. 4.23 The temperature derivative of the resistance (r') 
and the thermoelectric power (S') 


Tt for PrBy 


in 2EhewiLecan_ey “oF Ty: 


as. a function of 
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Fig. 4.24 The temperature derivative of the resistance (r') 
and the thermoelectric power (S') as a function 
Sir ror NdB 5 ine the vicinity of Ty: 
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Fig. 4.27 In the vicinity of Ty, experiment shows a 
linear relation between S'=dS/dT and r' =dr/dT 


for NdB;. 


r it 4 
! 
| 
; 
AI 
' 
] 
' 
. 
} 
: 
| 
5 
— 
| 
' 
Bo 


Loud 


OQ rs) 10 15 


100x r’ 


Hig. 4.298 In the: yicinity of Tyj.experimentes showsaa 
linear relation between S'=dS/dT and r'= 
ara for GdB,- 


" 


{ oe ss r >, i 


wevinpararame cenrcvnre mansoni ort ane eee i pe 
( f ; 


4 cat gl wl 
y » 
rr 
: 


} ad ot rr een « : ams i; ' < ] re “a cm ply at 
- mF i 3 4 Pah . ‘470 o 
i 


ey = 4 or 

‘s Dons TD\4é "SS ‘SS owe: LI BLaob. Leo. 

= » ant ee a . es) a + “Te f, 

48265 wed Te \ ao 
} 


lo? 


(Figs. 4.26-4.28) for temperatures very close to Ty and 


we find that for antiferromagnetic REB- compounds r' and 


6 


S' are linearly related as has been found for some ferro- 
magnetic metals. We have found that the temperature 
dependence of r‘' and S"' are the same which is in complete 
agreement with the theoretical prediction that all trans- 
port coefficients should have the same temperature depen- 


dence in the Wvicinity of Ty 


4,2.2c Magnetoresistance 


The magnetoresistance (MR) of antiferromagnetic 


REB¢ compounds shows very interesting results. The iso- 


thermal longitudinal magnetoresistances (LMR) for PrBey 


NdBe, GdB,- and DyB, are shown in Figs. 4.29-4.32. The 


6 6 


common features of the MR data of antiferromagnetic REB ¢ 


compounds are as follows: (i) The MR is positive and 
increases with increasing external field (H) for T< Tyr 
(ii) the MR decreases with increasing temperature at a 
eonstant field for T< Ty and ii) at Ty the MR drops very 
rapidly and- for T> tT. changes very much more slowly. The 
temperature dependence of the MR for constant fields (H) 
ise shown in Figs: 4.°33—4.367. Similar temperature depen- 
dence of the MR of the antiferromagnetic compound, 


GdRh has. been observed by Ali. et al (1984). 


1 fous 4.28" 
In the absence of a theory for the antiferromagne- 
tic metals with rare earth ions, a quantitative comparison 


with theory is not possible, but the ideas of Yamada and 
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Fig. 4.29 The longitudinal isothermal magnetoresistance 
(AG/2,) as a function of external field (H) 
at various temperatures for PrBe- 
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Fig. 4.30 The longitudinal isothermal magnetoresistance 
(Ap/0,) as as iainction Ofeexternal frelda (nA) 
at various temperatures for NdB,. 
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Fig. 4.31 The longitudinal isothermal magnetoresistance 
(Ap/o.) as a function of external field (H) 
Onn 
for various temperatures for GdB; - 
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Fig. 4.32 The longitudinal isothermal magnetoresistance 
(4p/2,) aS ar tunction cf external) tieid (Hh) 


at various temperatures for DyB,. 
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Takada (1973, 1973a) may be used to qualitatively account 


for the MR data. The MR of the antiferromagnetic REB . 


metals for T< Ty increases with increasing field because 

of a field-induced increase in the spin fluctuations, which 
is in contrast to a suppression of the spin fluctuations 

in an external field for a ferromagnetic metal. The 
decrease in the MR with increasing T for T< Ty is due to 
the relative suppression of the spin fluctuations in a 
magnetic field, that is, in a fixed field op changes less 
for a given temperature change than it does in zero field 
for the same temperature change. The MR field and tempera- 


ture dependences and details of the experimental data are 


discussed for each hexaboride as follows. 


PrBe 


The MR data -in@eiig. 4.29 for single crystal PrBe 


shows a peak at Aol = 4KOe and 1K0Oe for T=4.2K and 6K 
respectively. This peak is thought to be due to a spin 
flop transition (Hoy? which decreases with increasing tem- 


perature. The polycrystalline samples of PrB. do not show 


this peak. At T> Ty the MR becomes negative at higher 
field as would be expected for paramagnetic metals due to 
field-induced alignment of the magnetic moments. The tem- 


perature dependence of the MR shown in Fig. 4.33 is found 


to be a for temperature T<T It was possible to fit 


N° 


the experimental data to the expression 
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Fig. 4.33 The longitudinal isofield magnetoresistance 
(Ap/p,) as a function of temperature (T) at 


Various Llelds for PrBe. 
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Fag. 4234 The longitudinaliisofield, magnetores stance 
(Ap/P,) as a function of temperature (T) at 


Vari0OuGubreldasitor NdB;. 
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Pag. 4.35 The longitudinal wsofield magnetoresyetance 
(Ap/ Pe) as) as function of remperarume (leat 
various fields for GdBe. 
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Fig. 4.36 The longitudinal isofield magnetoresistance 
(AD / RG? as a function of temperature (T) at 


various fields for DyB,. 
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Table 4.7 Experimental value of the parameter A for PrBe 


for various fields. 


H(KOe) A(K*) A/H? 
a 

10 6.2 6.2 10 
a3 

15 2.45 6.0 10 
3 

20 2.63 Blive ate 
3 

25 4.63 7.4x 10 
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Fig. 4.37 The field dependence of the parameter 


A/H* GEOR PrBy. 
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(4.11) 


where the parameter A(H) is found to be proportional to H- as 


expected from the isothermal. MR (Fig. 4.29). We have 
found, thats tor. Hi] 20kOe,, ALremains: constant. ne. values 
of A(H) and Are are given in Table 4.7 for various values 
of H. Fig. 4.37 shows the field dependence of the para- 
meter A. The increase in A for H> 20KOe is possibly due 
to the anisotropic conduction-f-electron interaction, to 
be discussed along with the transverse magnetoresistance 


data (TMR). 


At higher fields the MR data of single crystal NAB 


show a linear field dependence for T<T,. (Fig. 4.30) and 


N 


become negative for T>T At very low fields the MR 


N° 
shows a negative peak for T< Ty which vanishes above 7K, 
whereas no such peak is observed in a polyscrystalline 
sample. It is possible that this negative peak is due to 


domain alignments. As H increases from zero the domains 
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start aligning with a consequent decrease. in the resistance. 


At the negative peak all domains are expected to have 
aligned into one single domain and above that field the 
MR increases as the spin fluctuation increase due to field 
dominates. 

The temperature dependence of MR shown in Fig. 4.34 


for Various fields is found. to be’ of the: form, 


ae ae = . re 
h| iF ° 


af 
HI Pe tas 
ue nF 
‘ i : 
i] 
YE TiS} 


aa? WY od Lepe bio Oyowg od. 


; oven e¥- o{85.8 
gsouley ont soxsend 
: ; ive 
eaulev wworiey wood 1. olds Wf ak wevip Sis 
-B25 at 30 ocnebwacel tant etic ewods * 
vb vidieacd Si some <2 e2 A ol easexogt oat. 
SEeTSIH FOR ba ten Paid ov bate tee) oeqotieeins 
esyosanpai cevevenastt ast? Attw enola heee soedl 
‘a 
oe : (SHEET vi 
- ‘stevey elodtte 20 soe JM eft ehblala tenpid 34 


F ’ 
' a ct oinw a i tot Aseq Svizspen & Swor 
Lisft2yv7 fog s Gsviosas ei Aneg dove on 

: gape ovidden aify t0d3 oldimeog ef 31-4 


aves aiok? eesisetoci H BA -esnemepiio aime 


slay 
af of bedmetue sta dabemobh [is #499 avis spon ‘eats 
" 
ot, 2 _ 
ec 2% ded¢ eveds Bas aiemob olpate eno oini Benge 


eta cl oe@nesoeh Sfawpeeaoo & ddiw paiaptie 


~ = « = 


sit of sub sesenenk potseytonli sige eds an. ssenetone J 


_ © 
° agdei ein 
- 


an 7 
bi.% .pl4 ni nwods aM to. eonsSasqsb anus: 
maith 
a 762 off Go ed of brio? et shield 


a ; 


i) (on a ue a 4 


: yy) r 


Table 4.8 Experimentally determined value of A for 


NOB “atevarvous Ltielas 


6 
H (KOe) A(K*) A/H 
10: 0.85 0.043 
20 0.50 0.049 
30 aA U5 0.038 


Table 4.9 Experimental value of A for GdB, at two 


6 
temperatures 
T(K) A(KOe~*) Ax 7 
ky ene) eae DG aes 
14 fh eeyss aie 2.7x 107° 
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(4.12) 


where A(H) is found to be linearly dependent on H as 

expected from the data, in fig. 4.30. "Theyvalues (ofA. and 
A/H found from the data are given in Table 4.8 for various 
fields and it is seen that A/H is’ a constant in the field 


range covered in this study. 


GdB, 


The MR of GdB, below 11K is complicated because of 
the lower temperature phase. The behaviour of the MR below 
11K will be discussed separately. However, the MR above 
12K is very Similar to that of other antiferromagnetic 
REB; - The field dependence and the temperature dependence 
of the MR are shown in Fig. 4.31 and Fig. 4.35 respectively. 


Below Ty the MR has a H? dependence and can be expressed 


as 


> 


her A(T) H? , Carrs) 
Po 


where A(T) is temperature dependent and the value of A(T) 
is given in Table 4.9. 

The MR of GdB, is almost the same for longitudinal 
and transverse fields as shown in Fig. 4.31, where a very 
small anisotropy is visible, whereas the MR for T> Ty is 
negative and is exactly the same for longitudinal and 
transverse fields. The negative MR for T>Ty is expected in 


the paramagnetic state due to field-induced alignments of 


the magnetic moments. In the absence of any crystalline 
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electric field because cea has. L:=:0-. Gis total orbital 
angular momentum) and is in anS state the anisotropic con- 


duction electron-f-electron interaction is expected to be 


zero (as discussed in Chapter 2). The anisotropy in TMR 
and LMR is found to be zero for GdB¢ as expected 
aeconding. to; eqn.» (4.16). for. an, S-ionw (i.e .awhen,in=— 0). 
DyBe 


ene? MRL DyB, LS) Similar (cOnthat yor NdB, for 


T<T,. but for temperatures close to T. the higher field MR 


N N 


starts to saturate (Fig. 4.32). The temperature depen- 


dence of the MR is like that of NdBy iO alia? 0 Kil tao 


higher field the temperature dependence is much slower 
than 1/T?. The MR for T? Ty is small but still remains 
positive. It is expected that the MR just above Ty should 
be negative because of the field-induced alignments of the 
magnetic moments in the paramagnetic regime. However, if 
the normal positive magnetoresistance exceeds the negative 
magnetoresistance in the paramagnetic phase, then it is 
possible to have positive MR even for T > Ty as seen in 

the case of DyBy. The MR data for H< 20KOe and T< Ty is 


found to obey the same relation as NdBey namely, 


ae, (4.14) 
Po T 
where A(H) = A/H. The values of A and A/H obtained from 


the data are given in Table 4.10 and it is seen that A/H is 


a constant. 
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Table 4.10 Experimentally determined value of the 


parameter A for DyB, at various fields. 


H(KOe) A(K*) A/H 
LO 05 | 0.05 
fs 0.90 0.06 


20 0.60 0.06 


f t 
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Anisotropy in magnetoresistance 

The transverse magnetoresistance (TMR) is not the 
same as the longitudinal magnetoresistance (LMR) except 
for GdB, where the magnetic Gar is in an S-state, l.e. 


it has spherically symmetric charge distribution. 


3+ 3+ 3+ 


inePrB NdB, -and DyB we know that Pr , Nd and Dy 


6’ 6 6" 


have L=5,6 and 5 respectively in their ground states and 


therefore asymmetry exists in their charge distributions. 


Such an asymmetry can cause an anisotropic conduction 
elec lronaicetectron scattering (Fentvet aly 1977) depend— 
ing on the direction of an external magnetic field as 
discussed in Chapter 2. Hence, a difference in LMR and 
TMR. 

We have measured the TMR along with the LMR already 
discussed in the previous section. The difference in the LMR 


and TMR is the anisotropy in the MR, 


aa IMR IMR te) ee (4.15) 
AN ani, aon 


The experimental Ap, is. shown in Figs. 4.38-4.40 at 


N 


different temperatures as a function of applied field for 


PrB NdB,- and DyB,. respectively. The main features of the 


6’ 6 6 


anisotropy curves are (i) AP an increases with increasing 
field and decreases with increasing temperatures, (ii) 


APan LS 4a funcreion, of H? at lower fields as expected from 


the field dependence of the MR data, (isis 9 APan is 


negative for PrBe and NdBe and positive for DyBy and it 
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Fig. 4.38 The anisotropy in the magnetoresistance 
Ao as.a,tunction of efield.(F tat 
various temperatures for PrBe. 


120 


' 7 a i a wes a 
es? ae 
in} — oh : 
Pre, - 
; ot 
wie 7 


— aides: eal oS aia 


| Ase 


a APan 


010 


0-05 


0-00 


0 10 AG. 30 


H  (KOe) 


Fig. 4.39 The anisotropy in the magnetoresistance 
Apy as a “function of field. (Hyp eae various 
temperatures for NdB;.- 
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Fig. 4.40 The anisotropy in the magnetoresistance 
Apan as a function of field (H) ae various 
temperatures for DyBy- 


a 
Shi” 
- | “ge 
Yi 
t x 
o. 


ae a al 


pean oe : 


) 


oe i NN 


% 
@ 

orks 
a ¢ 
—y 


ants a0 


ade Fb s 


128 


tends to saturate at higher fields and higher temperatures. 

In the absence of a theoretical study of the MR of 
antiferromagnetic materials with rare earth ions it is not 
possible to discuss the above results quantitatively. 
However, it is possible to correlate these results with 
the APan study of very dilute rare earth ions in noble 
Teeaisy (Pert ctcal,, 197/77. 1980). sineardidure, alloymot, rare 
GaLtehn in noble metal with 1740 for rare earth ions. there 
will be an anisotropy in the MR. The sign of APan is given 
by 


dom @ LIS - Dy (4.16) 


where L= total orbital angular momentum and S is the total 
spin angular momentum of the magnetic rare earth ion. The 
above relation is found for anisotropic K-f interactions 
and to a first approximation taking quadrupolar scattering 
to be the main source of the anisotropy (see Chapter 2). 


From the above expression it is expected that for the sys- 


Svar 


tem with Gd (i =708 SS = 7 72> 0. From the MR data 


“Pane 
in Fig. 4.31 we do observe such a result. One expects from 


: 3+ 
the above relation that AP an will be negative for Pr 


(o>, S= f)-and Nd (Ih="6;°S = 342) "and “posrtive=for oe 
(=> S = 5/2). The: prediction “or *therssmgnsoF AP an ror 
REB, is quite consistent with our results. Based on this 
consistency we believe that the anisotropy in the MR is 


Mainly due to’ the anisotropic quadupolar K-f scattering. 


There is some contribution to ADan probably due to normal 
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magnetoresistance which is usually small. 


Low temperature second phase of GdB 


The resistivity of GdB, below 11K gives a thermal 


6 
hysteresis which is associated with a low temperature 

phase transition. The magnetic structure of the low tem- 
perature phase is not known. We have measured the resis- 
tivity as a function of temperature at a constant field 
with H ||I and HiYI, where I is the sample current. The 
result is shown in Fig. 4.41. It is interesting to note 
that the resistance of the sample below 11K still has 
thermal hysteresis but the resistance has increased for 

H ||I than virgin state and the resistance has decreased for 
Hii in comparison to the virgin state. This. shows a 
strong anisotropy in the resistance which has a dependence 
on the direction of the magnetic field with respect to 
sample current. 

This anisotropy is very clearly seen in the isother- 
MeieMReversus fleld at T< LIK in Fig.04.42 -andvbig.94 435 
for H||I and HiI respectively. One very dramatic result 
aS seen in Fig. 4.42 and Fig. 4.43 is a large field hys- 
teresis in the resistance. This hysteresis vanishes for 
T>12K. The MR for H]||I increases very rapidly near 6KOe 
and tends to saturate at about 12KO0e. At higher fields the 


MR increases as in other antiferromagnetic REB In the case 


6° 
of HiI the MR is negative and decreases rapidly and at 


higher fields starts increasing as expected in an anti- 
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Sebaccdtee.n | | H =10 kOe 
|_LH=10 koe 


10 xX 


Fig. 4.41 The temperature dependence of resistance (r) 
of GdBg at various fields (H) showing the 
hysteresis associated with the second low 
temperature phase. V.S. stands for virgin 
state, when the specimen is cooled in zero 
field from room temperature. 
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ferromagnetic metal. The field hysteresis suggests that 
there is some kind of magnetic domain alignment. This 
domain alignment is found to be complete for fields above 
10KOe and even when the field is reduced to zero the sys- 
tem remains in that state...alt®wasfound that to Bbrang the 
sample to the virgin state it was necessary to warm the 
sample above 11K after reducing H to zero and then to cool 
Ltedown in zeroerield,. 

There is some evidence, from the torque measure- 
Memes oy NOZakivet al (1930)% on ‘singlescrystal GdBe, that 
the lower phase of GdB has three equivalent domains and 
these domains could be changed entirely to one single 
domain for a magnetic field H > 6.5KOe at 4.2K. This 
transition is quite sharp in single crystal GdB-. 
For polycrystalline GdBe, we do not observe such a sharp 
transition obviously because of polycrystalline effects. 
Nozakivet al (1980) have suggested: that ‘the conversion 
between these magnetic domains is similar to the spin- 
flopping of an antiferromagnet. The question is, why the 
resistance has such a strong anisotropy depending on the 
direction of the external magnetic field relative to the 


sample current for polycrystalline GdB,- For fields 


greater than 10KOe there is complete conversion to a single 


domain. This conversion of domain has been found by Nozaki 


Cia (1930), to be analogouss te “the spin-flopping of an 


eG 


antiferromagnet. If this is so then when H||I, H is perpen- 


dicular tothe easy axis of magnetization and I perpendicular 
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Fig. 4.42 The longitudinal magnetoresistance of 
GdBe as a function of external field 
(H) at various temperatures for T< 12K, 
showing large field hysteresis in the 
second low temperature phase of GdB,. 
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to the easy axis of magnetization, hence the resistance 

is expected to increase with increasing field. While for 
Hit, again H is perpendicular to the easy axis of magne- 
tization and I is in the plane of the easy axis of magne- 
tization leading to a decrease in resistance with increas- 
ing field. This could account for the anistropy in the MR 


of GdB, in its lower phase. 
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Fig. 4.43 


The transverse magnetoresistance of 
GdBeras a. function Of extemialyriela 
(H) at various temperatures, showing 
large field hysteresis in the second 
low temperature phase of GdBe. 
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CHAPTER 5 


[La,Gd]B, AND [La,Dy ]B, ALLOYS 


We have prepared three [La,Gd]B, alloys with con- 


centration of ca3t 


Lonvins the range:.050510 <x <9 0.285 and 
two alloys of concentrations onos and 0.08. The resi- 
daaleresisriyiscy natiio’ (RRR) is given in, Table 5.1.) The 
correspondence between this ratio and the nominal concen- 
tration of the impurity verifies that other impurity 
scattering was not important in these specimens. 

The variation of resistance with temperature in the 
temperature range from 2K to 20K is shown for [La,Gd]B, 


BnGa hary-Dys).Bo edn EG Sle And. Big... ebespectively, along 


6 


with the resistance data of non-magnetic LaB LaB. shows 


6° 6 

no temperature dependence below 30K, hence the variation 
Orecresistance, in Fig. 5.1 and Fig. 15:2 arises from the 
substitution of Gd and Dy on some of the La sites. There 
is no sign of the Kondo effect in the resistivity data. 
At the lowest temperatures the resistance varies as ae 
which is expected for a spin glass as discussed in Chap- 
ter 2. However, in common with resistance measurements on 
other spin glasses there is no feature in the resistance 
vs temperature data that can be clearly identified with 
the transition to the spin glass state. It should be 


mentioned that the sign of the s-f exchange energy J, 


believed to be responsible for the properties that arise 
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Table 5.1 Residual resistivity ratio (RRR) of [La,Gd]B, 


and [La,Dy]B, alloys. 
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Fig. 5.1 Normalized resistance (RO PRa ks where i. is 


specimen resistance and R,=0.12, as a 
function of temperature (T) for [La,Gd]Be. 
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x 10-5 


Hod. 2. Normal ized srestatance (kh. (R-)i where lk is 
specimen resistance and R,=0.18%, as a 
function of temperature (T) for [La,Dy]B 
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from the magnetic ions in these materials, has not been 
determined. Since RKKY interaction is oscillatory in 
nature, the sign of J depends in a delicate way on the 
structure and unit-cell size. In the absence of a Kondo 
effect, it is possible that J is positive, which would 
produce a "reverse Kondo" effect. The resistance varia- 
tion would then be obscured in these alloys by possible 
spin-glass effects even above the freezing temperature. 

The TEP data are presented in Figs. 5.3 and 5.4. 
The main features of the TEP data are as follows: (i) A 
maximum is observed in the TEP and the temperature at 
which the maximum occurs, increases with increasing con- 
centration of magnetic ions. (ii) The TEP finally becomes 
negative. This sign change is characteristic of a spin 
glass (Fischer, 1980, 1981; and Matho and Béal-Monod, 1974) 
and its variation with alloy concentration together with 
the increase in the maximum should be expected. The TEP 
is almost linear in T with a negative slope for in? Ta oh 
The value of ee for different concentrations is given in 
Table 5.2. To our surprise we observe a spin glass beha- 
viour even for 28% Gd concentration. There is no evidence 
whatsoever of any long range magnetic order for [La,Gd]B, 
abloys with concentration offGd,imp to 28 iat.) 4. 

It is possible to characterize the systematicsin the 
TEP data by Fig. 5.5. A plausible: physrcall interpretation 
of the tems of Fig. 5.5 is as follows. The high tempera- 


ture: region, i.e. the: region.of T>T 5, can be described by 
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Fig. 5.3 Absolute thermoelectric power (S) 
tion of temperature (T) for [La,Gd]B,. 
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Table 5.2 Experimental values of Tor ab and Sa 


max ax 


for [La,Gd]B, and [La,Dy]B, Spin glasses. 
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The temperature dependence of the thermo- 
electric power (S) of dilute magnetic 
alloys is parameterized in terms of Sn : 
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a one-impurity regime. For Loe the impurity interac- 


tions dominate leading to a maximum S ee Uv ee CAS 
max max 
ae is expected to be related to the spin-glass freezing 
temperature Te. For spin glasses! with J <0 (e.g. AuFe etc.) 
tf as related to Ti as 
O i 
Tiwdied ark 


where Ais aconstant, which depends on J and the density of 


states. In the absence of precise knowledge of T. (which 


iG 


may be found from susceptibility measurements) and correla- 


tion between Dy and -P2etor d >*0/eLvesisenot possible to 


f 
find the constant (A). However, it is clear that a sys- 
tematic exists in the TEP data of these spin glasses even 
when the concentrations of magnetic impurities are very 
hogs “These@areathe first TEP) datatfortspin glasses sot 
Je Oey pes 

In conclusion, we have observed spin-glass behaviour 
in resistivity and TEP of [La, Gd] B and [La,Dy]B, 


ESEGCOnCentration "or raretearth  -ron-as*iitgh ses 929 “ates 


alloys 


(Ali and Woods, 1983a). 
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CHAPTER. 6 
Vo-RES ALLOYS 


In this chapter we present experimental results and 
discussion of some dilute yttrium-rare earth alloys. The 
alloys studied and their masitudl’ nese evaey ratio are 
given in Table 6.1. 

The variation of resistance (Timah 7 Re) with tem- 
berature for YCe (Ce= 3% and 15t)is=shown in Pig.6.l.. For 
the 3% Ce alloy we observe a typical Kondo behaviour with 
a resistance minimum at ~22.2K. But as we increase the 
concentration of Ce ions, the resistivity behaviour changes. 
For 15% Ce we observe (Fig. 6.1) that at the lowest tempera- 
tures the resistance first increases with T, goes through 
a small maximum at ~4.5K, then to a minimum at ~7K beyond 
which it monotically rises with temperature. Below 4.5K 
the alloy is showing a spin-glass behaviour and above that, 
a Kondo effect. A similar effect has been observed in 
concentrated La, _, Ce, alloys (Zimmervand Schilling, 1978) 
and dilute AuFe alloys (Mydosh, 1978). 

Figure 6.2 shows the thermoelectric power (TEP) as 
a function of temperature. There is a broad peak at about 


~20K for 3% Ce with Sn x2 13 uv/K. This peak is associated 


a 
with the Kondo temperature T,* ZOUK cE Ores 3m Ce w ake 
similar broad peak is also found for the 15% Ce alloy at 


~17K but the value of ot S22 lev ki whieh. 2s) an, Order of 
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Table o.1 


Sample 
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magnitude smaller than in the case of 3% Ce alloy. There 
is change of sign in the TEP at on 40K for 15% Ce as 
expected for a spin glass (discussed in Chapter 5) but no 
such change was found for 3% Ce alloys. 

The resistance and TEP data for YX) _,PY,, (=30-02 
andme0 450), are: showmegin Fig. 6.3 and Pig. 2.6.2. = Thesresis— 
tance increases with T but no sharp phase transition is 
evident. At lowest temperatures the resistance behaviour 
is like spin glass which is also evident in Fig. 6.2 
where a broad peak in the TEP and a change in sign in S 
from positive to negative is seen. The values of Sn A 


ax 
Na and TS are given for each alloy in Table 6.2. For the 
10% Dy alloy the resistance increase in T is faster below 
6K but no explicit helical ordering of the type suggested 
by Sarkissian and Coles (1976), is evident. 

Results. tor YSme(327sm) and Yb e(33-1b) alloys sare 
shown in Fig. 6.4 and Fig. 6.5. The resistance versus 
temperature curves for these alloys show clearly a sharp 
transition from an antiferromagnetic to paramagnetic phase 
(T= 5.0K and 5.2K for YSme(3%) andy for YTb. (3%) respec— 
tively). Below Ty the resistance increases very rapidly 
with temperature, whereas the slope of the curve decreases 
above Ty and becomes almost constant at higher temperatures. 
The resistance has a temperature dependence of t? at T< Ty 
for both YSm (3%) and YIb. (33) alloys. “Such a temperature 


dependence is expected in an antiferromagnetic alloy below 


Ty due to spin-wave and conduction-electron interactions. 
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Table 6.2 Experimental values of S peel: and T 
max max O 


fOr -Y=-RE alloys. 


Sample S max (UY/R) Tee) T. (K) 
YCe (3%) 13%0 AOE: 8 = 
yCer (15%) iors dB ors 8) 41.0 
YSm (3%) Dat LD 26.0 
YTb (3%) PAD 60 20.0 
YDy (23) areU Ly. 0 2 Orei0 
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The effect of dilution down to 3% Sm and Tb in Y is a 
Leauction Of Ty as the strength of the interaction between 
the magnetic moments (RKKY type) is reduced. Sugawara 
(1965) has observed a similar behaviour from resistivity 
measurements on dilute YTb alloys and obtained Ty * aie smlehe 
an alloy with 2% Tb. Nagasawa and Sugawara (1967) per- 
formed susceptibility measurements on a series of dilute 
YTb alloys and obtained the temperature T of the suscep- 
tibilaty maximums. ‘FOr al2e/ ates loealloy they obtained 
T= 11.5K and noted that in dilute alloys Ty does not 


always correspond to T The sensitivity of their resis- 


No 
tivity data was not sufficient for them to locate Ty from 
the slope change. Sarkissian and Coles (1976) saw a sus- 


ceptibility maximum at T, = 12K For vant ba(se. Tb) ealttoy, 

but the resistance showed no increase with decreasing tem- 
perature below The they identified this as a spin-glass 
material. Their specimens were chill cast after arc melt- 
ing, which may have had an effect on the low temperature 
resistivity and they may have missed a slope change over a 
narrow temperature range with normal potentiometric measure- 
ments. It should also be noted that the TEP shown in 

Big. 6.5 nesta broad peak for yom, (32).Sm) “ands Yibw (34. Th) 
alloys and does not show any evidence of the phase transi- 
tions. The TEP data of dilute rare earth alloys can be char- 
acterized in the similar way as is done in Chapter, 57for 
ditute [La,GdlB- and [La,Dy|5 


6 6 


parameterized as shown in Fig. 5.5. 


alloys. The data can be 
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of temperature (T) of YSm (3% Sm) and YTb (3% 
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From the above results we conclude that we have 
observed.the Kondo,effect«in a.dilutesYCe-alloy..and»spin- 
glass behaviour in more concentrated YCe alloys. Spin- 
glass behaviour is also found in dilute YDy alloys, but we 
clearly observe an antiferromagnetic phase at low tempera- 
tures in, the resistivity of .YSm(3%.Sm).and Yfb (3%, Tb). 
The TEP on the other hand shows no sharp change associated 
with the phase changes. 

Thus here we have dilute rare earth alloys exhibit- 
ing three different kinds of magnetic properties, namely 
(1) Kondo effect, (ii) spin-glass behaviour, and (iii) 
antiferromagnetic behaviour. To investigate the magneto- 
resistance (MR) of three kinds of systems we have measured 
EneceMReE OtrNCes (Geat.1t) aw Dys (2 atu) eoandmey tb (S,atnis) 
alloys. The isothermal MR of YCe (3 at. %) is shown in 
Fig. 6.6 at different temperatures. The MR of YCe (3 at. &) 
is negative in one entire range of the external magnetic 
field and it has a field dependence of Hq” (li<en <2)4 evhe 
MR of dilute magnetic alloys in single impurity regime has 
been theoretically calculated by Béal-Monod and Weiner 
(L968 )/alising, an.isotropic hamiltonian of thes form shown in 
eqcneet2. li) | lteis found shat. the, MRW1s megativel and, for 
(GU,H/K,T) < 1 the isothermal MR has a H? field dependence. 
This behaviour is exhibited because of the freezing out of 
the spin-flip scattering due to the alignment of the magne- 
tic moments in an external field. Therefore the MR of YCe 


(frat. 3) 1s Consistent with the-above theory, Ini kig. 6.6 
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only the longitudinal MR is shown but the transverse MR 
Srierers Only in thateit 1s eSslightly larcger in magnitude: 
The magnetoresistance of YDy (2at. %) in the para- 
Magnetic temperature range is shown in Fig. 6.7. In the 
paramagnetic phase of a spin glass, that is for tempera- 


tures sT.>:T it should be possible to treat the MR in the 


e! 
dilute magnetic alloy approximation. We observe from 

Fig. 6.7 that the MR is negative at low fields for the 

4.2K isotherm and for 1OK transverse isotherm and becomes 
positive with increasing field. At higher temperatures 

the MR remains positive at all values of the field and 
increases with increasing field as maar Another interest- 
ingiseature of the MR data for the YDy A2’at. 3) alloy is 
that the LMR is always greater than the TMR. In the para- 
magnetic range it is reasonable to treat YDy (2 at. %) alloy 
as a dilute magnetic alloy in the context of the Béal-Monod 
and Weiner (1968) theory. We then expect a negative MR 
with (Ao/p.) Stee al <n< 2. The negative MR at 4.2K and 
10K for low fields is caused by the reduction of spin-flip 
scattering due to field-induced alignment of the magnetic 
spins as expected in case of a dilute magnetic alloy. The 
positive MR in YDy (2at. %) arises from the dominance of 
the 'normal magnetoresistance' at higher fields and temper- 
atures created by the Lorentz force. At the same time 


anisotropic scattering between the conduction electrons and 


f-electrons would produce disagreement with the theory for 
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Fig. 6.6 Isothermal magnetoresistance (Ap/p,) versus 
magnetic field (H) at different temperatures 
For Ce C3 ab ae eu. 


B52 


a le EST ea — lig! AS Ae a TEE RIO. Nei tpn. na 


; 
. 


<> Seri ° f 
be aie 23s is ; 


cs pate *< ) 48 


the dilute magnetic alloys with only isotropic scattering 
(Béal-Monod and Weiner, 1968). 

It has been shown by Fert and co-workers (1977, 
1974 and 1980) that the anistropy (A= LMR- TMR) in the MR 
of dilute AURE and AgRE (RE=rare earth) alloys is due to 
the anisotropic conduction electron-f-electron scattering 
and it is mainly of quadrupolar type. The sign of the 


anisotropy changes as 
A = LMR - TMR <= L(S- 4) ’ G67. 1) 


where L and S are the total orbital angular momentum and 
the spin of the magnetic ion respectively. Hence for eqn 
ions (L=0) the Pn ieoteery is zero as found for AuGd and 
Rocdealloys (hriedericimeand Fert, 10/4; anc Pertaety als, 
1980). The sign of Ais expected to be positive for py? 
(i=t55, S= 5/2). and for YDy (2 at. 4) alloys A.is observed 
to be positive at all temperatures. A negative A is 
observed for YCe (3 at. 3) as expected for en” Gi = 3; 
S=1/2) from eqn. (6.1), but the difference between LMR 
and TMR is very small. 

The MR data (Fig. 6.8) of the antiferromagnetic 
YTb (3 at. %) can be discussed in two temperature regimes, 
one for T< Ty (T= 5-2K) and the other for T> Ty. For the 


4.1K isotherm in Fig. 6.8, the MR is positive, increases 


with increasing field and reaches a maximum at a critical 


field AY (at T=4.2K) =~ 12KOe, and above He the MR decreases 


monotonically with increasing field. The critical field 
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H. = 12K0e is the field at which the transition from anti- 
ferromagnetic tO paramagnetic phase occurs at 4.2K. The 
increase in the positive MR with increasing field is con- 
Sistent with the Yamada and Takada (1973, 1973a) theory. 
The increase in the MR can be explained as an enhancement 
in the spin fluctuations with increasing field up to a 
Critical field Ho: This is a mechanism opposite to the 
ferromagnetic or paramagnetic case where the spins align 
in the presence of an external magnetic field, causing a 
suppression in the spin fluctuations and hence a negative 
MR. That is why above H, = 12K0e the MR starts decreasing 
with increasing field as observed for the 4.2K isotherm 
Ota bee Csi tae Spin Fig 60S, . 

The MR of YTb (3 at. %) for the paramagnetic temper- 
atures (i.e. T> Ty) is always negative and decreases with 
increasing field as expected in the paramagnetic phase. 
The field dependence of the MR is like (Ao/p.) x ee 
(L<n< 25. The anisotropy, (A) store TA Ty has a positive 
Sign, that is LMR is greater than TMR. This is consistent 
with the expectations of eqn. (6.1) for TYb (3 at. %) with 
to (L=3, S=3). A final remark should be made that the 
anisotropy (A) decreases with increasing temperatures, 


again qualitatively consistent with the results of Fert 


and cCo=sworkers @(1977/"1974 Vand 1980); 
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Fig. 6.8 Isothermal magnetoresistance (Ap/p,) versus 
Magnetic field (H) at different temperatures 
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CHAPTER 7 


CONCLUDING REMARKS 


We have done a systematic study of the low 
temperature resistivity, thermoelectric power and magne- 
toresistance of antiferromagnetic Rare Earth Hexaborides 


(REB CeB a ‘dense Kondo' material, exhibits anoma- 


6) ° 6! 
lous behaviour, Lt is concluded from this study that the 
"Kondo Lattice’ model gives a qualitative understanding 
of the experimental resistivity and thermoelectric power 
results. 


At lowest temperatures, where there are no signifi- 


2 
cant excitations of magnons and phonons, we observe a T 


dependence in the resistivity of all the REB > we have 


studied. This 7 dependence has been associated with the 
electron-electron scattering of Baber-type (Ali and Woods, 


1984). The magnetic resistivity of the REB ¢ in the anti- 


ferromagnetic regime has a temperature dependence of either 


T° ens 7 which is in good agreement with the theoretical 


predictions of Rivier and Mensah (1977). The thermoelec- 


tric power of REB, has a minimum at low temperatures that 


6 
is interpreted to be due to the phonon and magnon drag 
effects. We have estimated experimentally the magnetic 
COonerioution toe the: TEP stor T>> Ty. This TEP called the 


spin-disorder TEP ( ) by Gratz and Zuckermann (1982) is 


° spd 


found to be negative and linear in temperature. 
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For the first time a systematic experimental study 
of the magnetoresistance of antiferromagnetic metals with 
localized magnetic moments has been done in this presenta- 


tion. We have found that the MR of REB. metals (for T<T) 


6 
is positive and increases with increasing external magnetic 
field. This positive MR is interpreted to be because of 
an enhancement of the spin fluctuations created by the 
presence of the external magnetic field. Similar results 
have been found for another antiferromagnetic metal 


GdRh (Gt eal, Wlosaje VAn®anisotropys ine the MR 


ug Sheek 


has been observed and found to be mainly associated with 

the anisotropic conduction electron-f-electron interaction. 
We have done detailed measurements of resistivity 

and thermoelectric power in the immediate neighbourhood of 


Ty (the antiferromagnetic to paramagnetic phase transition 


temperature) and are able to extract values of a, the cri- 


tical exponent, for REB> compounds (Ali and Woods, 1982). 


It has been found that there is a linear relationship 
between the temperature derivatives of the resistivity and 


the TEP in the vicinity of T™ (Ala and. Woods, 1983), 19e¢a).. 


N 


This is in accordance with the theoretical predictions 
(Ausloos, 1977) that all transport coefficients have the 


same temperature dependence in the vicinity of Tye 


We have measured the low temperature electrical 


resistivity and absolute thermoelectric power of a few alloys 


of [La,Gd]B, and [La,Dy]B, with different concentrations 


6 6 


of rare earth ions. The resistance of these alloys varies 
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ope which is characteristic of spin glasses at low 


ase 
temperatures. The TEP shows a broad positive peak in the 
lower part of the temperature range and becomes negative 
at high temperatures, a feature typical of a spin glass. 
We observe spin-glass behaviour even for 28 atomic percent 
geca’ fon Gad and woods, 19934), 

The temperature dependence of resistivity, TEP and 
MR of dilute Y}_,RE, (RE=Ce, Sm, Dy and Tb) alloys has 
been also investigated. YCe (Ce= 3%) exhibits only a 
typical Kondo effect, whereas YCe (Ce=15%) shows spin- 
glass behaviour at low temperatures with a Kondo resistance 
MeMMinuieate Tie LOL MOVa alloys, 2 smbVeeloe Sub LC Lente Con 
centration to produce spin-glass behaviour with resistance 
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varying as T at lower temperatures and a broad peak in 
the TEP with a sign change from positive to negative ata 
higher temperature. We observe an antiferromagnetic to 


paramagnetic phase transition in YSm (Sm= 3%) and YTb (Tb= 


3%) (Ali and Woods, 1984b). 
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